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I. SUMMARY 


An investigation of the anodic electrochemical behavior of the 
water vapor electrolysis cell was undertaken. A theoretical review of 
various aspects of cell overvoltage is presented with special emphasis 
on concentration overvoltage and activation overvoltage. Other sources 
of overvoltage are described in less detail. An understanding of these 
electrochemical fundamentals is of primary importance in explaining the 

experimental results of this work. 

The actual water vapor electrolysis cell consists of a bright 
platinum anode screen immersed .in a thick, viscous sulfuric acid silica 
gel electrolyte. The cathode was a gray platinum screen and the refer- 
ence electrode was a mercury-mercurous sulfate sleeve junction electrode, 
A humid air stream flowed over the anode assembly, and water was absorbed 
from the airstream by the high concentration sulfuric acid. Although the 
major investigation was performed on this cell, results arc compared to 
the current-voltage results of a "free electrolyte" cel.l, using only 

sulfuric acid as the electrolyte. 

The experimental apparatus controlled and measured anode 
potential and cell current. Potentials between 1.10 and 2.60 V (vs NHE) 
and currents between 0.1 and 3000 mA were investigated. Different be- 
havior was observed between the standard cell and the "free electrolyte 
cell. The "free electrolyte" cell followed typical Tafel behavior (i.e. 
activation overvoltage) with Tafel slopes of about 0.15, and the exchange 
current densities of 10"'^ A/cm^, both in good agreement with literature 
values, l-he standard cell exhibited this same Tafel behavior at lower 
current densities but deviated toward lower than expected current 
densities at higher potentials. This behavior and other results were 


ex<mined to determine their origin. After a one by one elimination of 
possible explanations (e.g. concentration polarization, IR losses, and 
adsorption), a theory of "oxygen entrapment" was shown to be compatible 
with experimental results. This included. the results of this work and 
the results of others, especially Bloom's work (69) on cycled operation 

(i.e. turning the cell "on," "off," and "on" again). Considerable 

indirect evidence is presented for proof of the "oxygen entrapment" 
proposition which states that evolved oxygen is trapped on the electrode 
surface by the thick gel electrolyte and this reduces the area available 
for electrolysis. Much of the discusstion of this theory revolves 
around the ease of removal of the trapped bubbles and the subsequent 
changes in surface coverage. 

Some limited direct evidence for the existence of trapped oxygen 
is presented although it is not entirely conclusive. Recommendations for 
future experiments suggest work on investigating the nature of the 


trapped oxygen. 


3 




I 




1 r , f.NTKODUCT fON 

Of the several oxygen producing life support systems Investi- 
gated by NASA, the v/ater vapor electrolysis cell still remains a strong 

i’’ 

possibility for actual use in outer space. The. water vapor electrolysis 
cell operates by absorbing water from a passrag humid air stream and 
electrolyzing the water into gaseous oxygen and hydrogen. The oxygen is 

tr*-' 

inhaled by astronauts and is excreted as water vapor by breathing and 

perspiration. This water is subsequently electrolyzed again and the ^ 

cycle is complete. Recycle of. oxygen avoids the necessity of storing 
large quantities of oxygen for extended space flights. 

The water vapor electrolysis cell is attractive from several 
standpoints. Possibly the foremost advantage is its zero gravity 
characteristic. By maintaining the electrolyte in the form of a thick, 
viscous gel the cell can be used easily under zero gravity conditions. 

By using concentrated sulfuric acid in the gel, a gradient exists for 
the absorbtion of water from a passing air stream. 

The major disadvantage of the water vapor electrolysis cell is 
its power requirement. At the present state of research, a small decrease 
tn the power requirement would make the water vapor electrolysis cell 
even more attractive for actual use in outer space Therefore, research 
directed at determining the major component of the cell overvoltage is 
of primary Importance By Identifying the major source of power con- 
sumption, research can be directed toward improving that particular 
aspect of the cell. Previous studies (8, 13,14) have produced conflic- 
ting results as to the major cause of the large required cell voltage 
Moreover, these studies have produced other anomalous results regarding 
cell operation which must be explained In order to exactly describe the 
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behavior of the vjat.pr vapor cloct.ro lysia cell. 

Wliereas previous work has primarily investl gated the physical 
behavior of the water vapor electrolysis cell (e.g. heat and mass 
transfer), this work attempts to explain the electrochemical behavior. 


U;i, S'l'ATKMUNT OP PROULKH 


Provlnvui pludlfB (8, i:],x4) o£ i he water vapor elerv.rolyHis 
celJ have produced some contradictory and uneKplalned results, 1 1. was 
rhe purpose of this thesis to investigate this coll from an electro- 
chemistry perspective so that more understanding could he given to 
previous ciaims about the behavior of the cell, in particular, there 
have been contradictory statements regarding the. nature of the large 
observed cell overvoltage. Some claim that this overvoltage is due to 
electrochemical kinetics. Others claim that the large observed over- 
voltage is due to mass transfer phenomena. It was the direct task of 
the experimental work of this thesis to settle this dispute. The 
experimental analysis consists of measurement of cell current and anode 
potential. The nature of the. cell's overvoltage is described by the 
relationship between current and potential, as will be shown in the 
"Electrochemical Tlieory" section of this thesis. Comparison of experi- 
mental results with literature findings further aids proper interpreta- 
tion of the experimental data. 

Another task of this work was to apply the understanding of 
the electrochemical behavior of the water vapor electrolysis cell ro 
other unexplained phenomena repo’-ted in previous stud-tn Of foremnst 
concern was the unusual behavior of the cell observed by Bloom (69) 
during cycled operation. Here, cvcled operation of the cell is timing 
the cell "on", then "off", then "on" again. Bloom observed that this 
type of operation had a beneficial effect on the power requirements of 
the cell. Hercc'vcr, Bloom found that there we^e optimum values of the 
"on" and "off" parametets. Many otiier experimental observattons from 
previous studies we-e also kept in mind during the work on rhis the- s. 


’J’liO!;o nrc'. too many to l)o described here, but will be described In det:nil 
In the "Diseusalon" section of this work. 

Finally, recoitiniendat Ions were to be made as to what can be done 
In future work to fully determine the behavior of the water'-vapor 
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IV. KKKf.lKOClII^MVJM. TIlKOkY 01- Till-; OKNKRALJ ?.KD RKAG'IION: Ox + ne - Rad 
Cijncc'iJt.T and t-quation? ato df.veiijpid litre lotr tilt generalized 
redox electtochemical Teac tiv^n, oxidized lorm -t si oi ch^oiritir j c number ol 
electrons = reduced form (Ox + ne - Red) - These concepts and equations 
can be used experimentally ro investigate such reactions; In particular, 
the water vapor electrolysis reaction will later be Investigated using 
an understanding of the fundamentals presented here. 

First, the thermodynamic and equilibrium relationships ate 
investigated and electrochemical kinetics are discussed. Finally, an 
assortment of other factors are presented. 

A. Thermodynamic and Equilibrium Relationships . 

Consider the electrochemical reaction 

aA + bB + ne - cC + dD 11] 

where i is the stoichiometric number of moles of component 1 and n is 
the total number of electrons involved in the reaction. The Gibbs free 
energy change for the reaction is 

AG - AG" + RT In (a'^^ / a""^ l2J 

In the above equation 

AG = change in Gibbs free energy due to reaction, cal/mol 
AG“= change in Gibbs free energy due to reaction with 

all constituents in their standard states, cal/mol 
R = gas law constant, 1.98 cal/mol - K 
T - absolute temperature, 'K 

aj = activity cf component 1 raised to the lih power. 
Since the reaction takes place at an electrode surtace, the 
activities of the reaction const a-tuents are th--se at the electrode 


Hur face . 


The Gibbft free oneriiy cli^nRe as re Lifted to the equiliisruim 


potential^ of the cell by: 
AG = -n Fe „ 


13) 


where 


w'here E® 


t, - equilibrium cell voltage, volt. 

n = nuiiibec ol equivalents ol reactants converted in the 
reaction as written 

F = Faraday constant, 23060 cal/volt~equivalent 
nF = charge flow accompanying reaction as written, 
coulomb (converted to cal/volt) 

The equilibrium potential of the cell is, then 




RT , 

r In 

nF 





a b] 

^ “bJ 


141 


is the standard potential of the cell. The standard potential 


‘The differentiation made by Vetter (79) between three types 
of equilibrium potentials will do adopted here. 

1. Metal/ion potentials, created when ions oi the same metai 
are bound to different ligands In two phases which are in 
equilibrium with each other. For example, copper Ion bound 
in copper metal and hydrated (or complexed in an electro- 
lyte) 

2, Redox potentials (oxidation-reduction potentials), created 
when the two phases exchange electrons with one another and 
whereby the electrons of both phases are in equilibrium. 

3- Donnan and membrane potentials, created w ten several types 
of ions, which may be In the same oi different valence 
states, are present in both phases; of these at least one 
type must he able to pass through the boundary (by mec:han- 
ical means, sutli as bonding by ion-exchangers). The jcns 
capable of passing from one phase tc the other must be 
bound In the same inanner Jn both phases (.tor example, they 
must be hydrated in both phases) . 

Study of tlie water vapor electrolysis reaction involves only 
the use of redox potentials. 


” 9 - 





is simply the equilibrium potential when all activities are made unity. 

For each electrode E“ is a chara.-.terirjtlc standard potential which is 

referenced to the normal hydrogen electrode (NHE) , arbitrarily set at 

0.0 volts. The above equation, commonly called the liernst equation, was ^ 

thermodynamically derived, and is an expression of electrochemical 

equilibrium. 

The equilibrium cell potential is defined as the potential ot 
the cell when no net current flows, l,e. he anodic and cathodic 
currents identically compensate for each other. This state must be 
attainable from both directions, a requirement analogous tc that of 
thermodynamic reversibility. This latter restriction takes care of the 
case of extremely slow kinetics where essentially no current flows in 
either direction. 

For a redox system the metal electrode acts only as a source 
or sink of electrons. The metal electrode is therefore completely inert 

in the reaction sequence. 

1, Kinetic and Non-Equilibrium Potentials . 

When a net current flows in an electrochemical ceil, the 
potential is different from the equilibrium potential (l.e. when no nee 
current fJ.ows). This difference, E-E, , is defined as the overvoltage. 

There are several possible causes of the existence ot c p..rticular 
overvoltage. These can best be explained by examining the net process 
by which an electrochemical reaction occurs. 

Consider the general redox reaction: 

Ox + ne = Red 15] 


i 


where Ox is the oxidized lotm of the eiectrcactive species and Red is 
the reduced form Following the simplified approach of Adams { 2 ), this 
reaction is actually composed of three consecutive Individual processes; 


^®^^bulk ^^^^^elecrrode 

[6] 

^^^^electrode ^^^^'^^electrode 

[?] 

electrode ‘"^^^‘^^bulk 

[8j 


These equations actually represent a series of reaction steps. 
The first equation is a mass transfer process and the second equation is 
an electron or charge transfer process. These processes have finite 
rates and determine the actual reaction rate (i.e. current). 

The mass transfer process can occur via three common 
mechanisms: migration, convection, and diftusion. The migration current 
results from the force exerted on a charged particle by an electric field 
(e.g. negative ions being attracted to a positively charged electrode). 

In a large excess of supporting electrolyte, the migration current is 
negligible. 

Convection occurs as a result of thermal, mechanical or ether 
disturbances. Common examples are Stirling, vibration, and density 
variations. Diffusion current occurs when there is a concentration 
gradient of the species which is being feduced or oxidized. 

The electron or charge transfer step is the electrochemical 
reaction itself. The rate of electron transfer is an exponential 

tuiictioii of the applied potential. 

Overvoltage resulting from the mass transfe » rate determining 
Is often called diUusion or concentration overvoltage. Ovec- 


process 
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-oltage result-lnfi from rlectron transfer ns the rate determining process 
is called activation overvoltage or charge transfer overvoltage. 

Mass transfer and electron transfer processes will now be 
discussed in detail The appropriate equations will be derived whereby 
the important variables (i.e. current, voltage, concentration, and 
temperature) are related. 

B, Mass Transfer Processes 

If the rate of an electrochemical reaction is determined by the 


rate of mass transfer to the electrode surface, this reaction Is often 
called reversible or Nernstian. This terminology results because the 
Nernst equation applies to the cell conditions at the electrode surface, 
i.e. the electron transfer Is fast, hence electrochemical equilibrium is 
established at the electrode surface- The actual current is limited by 
how fast the oxidized or reduced species can reach the electrode surface. 
Mass transfer controlled processes ate sometimes referred to as reversible 
processes. Conversely, a process which is controlled by electron 
transfer and where the Nernst equation does not apply at the electrode 
surface is often railed an irreversible process. Charge transfer 
controlled processes therefore are sometimes referred to as Irreversible 

processes . 


In general, the particular equations which relate current, 
voltage, concentration, etc. in mass transfer controlled processes 
result from the particular mode of transport and the particular geometry 
of the cell. In other words, the equations describing linear diffusion 
to a spherical electrode are different from rhose describing hydrodynamic 
transport past a wire electrode. Each particular ca;*e of mass t ranspc-t 
jst be solved separately The case of semi-infinite linear diffusion 


mus t 
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to a plane electrode surface will he discfsfjcd here in detail. Other 
cases v/hich have been solved will be listed with references. 

1. Semi-Infinite Linear Diffusion to a Plane Electrode 


Surface at Constant Voltag e. 

Consider the cathodic reduction 

Ox + ne = Red 1^3 

where the concentration of the oxidized form in the bulk phase is 
Similarly , is the concentration of the reduced form in the bulk 

phase. 


According to Pick’s second law, one can write 

3 t ‘ 3x “1 3 X J 

for the oxidized form of the electroactive species and 

, l_Vd . 

at 9 X "j 9 X 


[9] 


[ 10 ] 


for the reduced form. In these equations x is the distance from the 
electrode surface, t is time, and and are the diffusion 

coefficients of the oxidized and reduced forms respectively- The 
diffusion coefficient is a function of concenf ation and consequently 
x, hut In the presence of a large excess of. suppoi ting electrolyte the 
diffusion coefficient, can be considered to be Independent of x. Hence 
the above equations can be written 


9 t 


c 


= D — ■ 
ox 


Ox 


(x, t) 


9 


[ 11 ] 


tor the oxidized form An analogous expre.'^slon exists for the reduced 
form Two initial and two boundary conditions are required for solution 
of these equations. The initial conditions are: 


13 - 


C (x,0) = 0 if the reduced form is not present before electrolysis. 
Red 

The first boundary condition Is derived from the Nernst 
equation. Since electrochemical equilibrium is assumed at the electrode 
surface, 


E = (ej - E- in 


'ok Sk 


'Red "Red 


[121 


where F*s are. the activity coefficients. 

The second boundary condition is derived from the conservation 
of mass, i.e. one mole of the reduced form is produced by transformation 
of a mole of the oxidized form. The sum of the fluxes of the oxidized 
and reduced forms at the surface is equal to zero, 


D 


Ox 


'3 CQ^(x.t)' 

+ D 

X = 0 Red 

3 C^^^(x.t) 

3x 

3x 





- 0 


and 


Finally, for semi-infinite conditions, 


^Ox C as X 


"^Red 0 as X ^ 


X = 0 
tl3] 


U4J 


[15] 


Solution for the concentrations of the oxidized and reduced 
forms yields: 


Sx “ ^Ox 



X 

i(j6+erf 1 

2 D„ W2 ^ 1/2 
Ox 


L + ijja 


and 


erfc 




Ox 


' ■>» d ‘ 


1 + 


where 




1/2 


[16] 


[17] 


[18] 


I 


, li, ^ 


•V 1 




C (P ,c) ^ 

“ * cz:¥:tt ' -p < KT <‘-^> 


and 

Cn„ <P.<^) 

^tiu rk*"- /t-»T-i*»\i 

[19] 

''Red"^’’-' ‘Ox r” 1 

The most useful, expressions of the above equations are those 
which give current (i.e. reaction rate) as some function of potential, 
or vice-versa. The- above relationship for the concentration profile of 
the oxidized form can thus be transformed: 

, 'd 

^ = i"M;e [20] 

which, upon proper substitution is equivalent to the following 
equation: 



'ffed' 

V ■ 

1/2 


rox 

°Red^ 

nF 


In 


1 [21] 

In the above expressions is the maximum diffusion current 
possible, i. e. when the concentration of the oxidized species at the 
electrode surface is essentially equal to zero and the maximum concentra- 
tion gradient exists. The current-voltage relationship for the reduction 

reaction is given graphically In Figure 1. 

Qualitatively in Figure 1 one notices the existence of a 
limiting current, i^ The limiting current Is reached at potentials 


where the term 
\(j0 = 


^ ^ f (E-l!) 

^Red Red 


becomes small. In other words, as the potential becomes more negative 
with respect to the standard potential, E , the (cathodic) reduction of 
tlie oxidized species reaches a limiting (<~athodir.l i.urrent i he 
opposite holds true for the reverse (i e. oxidization) read Ion. The 
cathodic limiting current Is directly proportional to the concentration 


I**'- 
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oJ the cxidJjied f:om; straUaiLy, thr .inodw: linuLian cin real is directly 
proportional to the concent rai ion of. the reduced fotm In Renernl, for 
all diflusion controlled processes, the limiting cur rent is directly 
proportional to the bulk concent e^i ion of the eiect.ioactlve species. 

Note! In Figure 1, the current ratio i/i^ is plotted 


versus E 


1/2 


+ 2 


^ nF. 


E 


1/2 


is called the half-wave potential, as Equation 21 can 


be rewritten 


E = E 


1/2 



[ 22 ] 


The half-wave potential is defined as the potential at which 

i = i , . For many situations E is a characteristic constant of a 
d/2 ^ 

particular system. By caking the second derivative of the current- 
voltage equation shown to correspond to the inflection point 

of the cur rent- voltage equation. 

Finally, many redox .reactions are represented by the form; 

Ox + niH^ + ne - Red + Z H^O, i23j 


In this case 
E 


RT RT 

= E^ + m -4r in a^ -f - In 
1/2 nF H nt 


F ‘ 
Bed 

Ox 

Ox 

Do ^ 
Red 


J2 


12M 


2 . Semi- inf tnite Linear Diffusion to a Pla ne Elecirode: 
Ccntlnuouslv Changing Voltag e 

A constant voltage elect re chemical process refers to a steady 
state process. In partlce, depending on the parriculai physical 
properties of the elec tcoact ive species, steady state measurements can 
be made w.hile changing the poieniial very slowly Julian and Ruby (49) 
found current-potential cutve^ in agreement with the constant voltage 


- 17 - 


equal- Jons derived above for sweep rnfes up to 40 mv/min. This maximum 
sweep rate was recommended for a platinuvii-vdre electrode in an unstirred 
solution. 

One can obtain, unsteady state behavior, by varying the voltage 

at a constant rate such that 

E =* E. - vt 1^5] 

1 

where E is the initial potential and v is the sweep rate in volts/min. 
i 

In practice if v is 200 mv/min or greater, unsteady state behavior will 


be observed. 

For the case of semi-infinite linear diffusion to a plane 
electrode, equations can be derived similar to that obtained above for 
the constant voltage case. Only important .results together with a 
qualitative description are presented here. 

One finds that the current-potential curve reaches a maximum 
current and then decreases . In the constant voltage cAse, recall that 
the current reached a maximum value and maintained that value. In the 
case of constantly changing potential a peak value of the current is 


reached which is given by 




[26] 


where 


t = peak current, amps 
P 

2 

A = area of electrode, cm 
v = rate of potential change, V/min. 
k = Randles-Sevcik constant. 

The Important characteristics of equation 26 ate: 

The peak current is proportional to the bulk concentration. 


1 . 


• I a - 


2. Thn pf'/ik cun on! i s prnpo rl icm.i.l tn t lio riv;t>op rnLc lo 
Uic onc-lialf power. 

A typic al example of ihc pc?ak em rent diai iioterif^l ic Is given 
in Figure 2. 

Delahay (20) gives an excellent gua li t at i. ve explanation of the 
existence of the peak, current phenomenon. 

"Initially the rate of the electrochemical teaction is so low 
that virtually no current flows through the cell, As the voltage varies 
in the proper cUreetton, the rate oi electron transfer at the electrode 
increases, and the current Increases accordingly. The substance react- 
ing at the electrode Is progressively removed from the solution in the 
immediate vicinity of the electrode, and this tends to decrease the 
current This effect of depletion becomes progrr-f slveiy dominant, and 
the current- potential curve exhibits a maximum " 

3. Other Mass Transfer Controlled Systems 

Many electrochemical systems which have n»dss transfer controlled 
reaction rates have bee.n Investigated Those systems can be divided into 
"quiet" solutions and stirred solutions Quiet solutions are those in 
which diffusion is the principle mass transfer process. Several quiet 
systems fo*" which the current-voltage characteristics have been solved 
are listed below. 

1. Seml-inftnttc spherical diftusion (57) 

2. Semi- infinite cylindrical ..diffusion (21) 

3- Diffusion toward an expanding sphere (52) 

A. Cylindrical diffusion with a constantly changing porential 

( 68 ) 

The current-voltage character i.stics of soveraJ sri’red solution 



- 20 - 





systeiiiH and HynLama with moviuR clcctrodea have boon luveaLlgated. 

Some of these, are .listed bc.low. 

1. Rotating disc electrode in the case of laminar 

flow (59) 

2. Plane electrode in the case of laminar flow (60) 

3. Limiting currents for turbulent flow (61) 

4. Rotating wire electrode (78) 

5. Rotating mercury electrode (58) 

Electrochemical literature concerning stirred solutions is 
replete with the concept of the. Nernst diffusion layer Essentially, 
this' is a theory which proposes the existence of a small stagnant 
diffusion layer (order of 5 x 10 cm) at the electrode surface. A 
linear concentration gradient of the electroactive species is assumed 
across the completely still diffusion layer. Both of these assumptions 
have been shown to be grossly Incorrect (7) j nevertheless, the concept 
of a diffusion layer proves to be a useful one. This concept (the 
diffusion layer) can be used to predict the effect of speed of rotation 
of the electrode and bulk concentration on the limiting current. The 
relationship between the limiting current and the speed of rotation is 
often given in the form: 

. a t>’ 1271 

where r is the speed of rotation (rpm) and a and b are constant > 

C. Electron Transfer Controlled Processes 

if the kinetics of an electrochemical reaction are rate 
determining then this is called an elec' ron or charge transfer process 
The equations governing this process arc developed below. 


- ?. l 


Tlie olcnl.irorlicmLcal redox vend inn 
Ox no = 

Ip assumed to have first order kinetJes. 

Hence 

Ox _ , r - ^ k C 

“ dt “ ^f,h ^Ox dt ^b,b Red 
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where 

, , 2 

N = flux of oxidized species, moLes/cm 
Ox 

2 

N = flux of reduced species, moles /cm 
Red 

^f,h= forward heterogenous rate const.., cm/sec. 

^ =. backward heterogeneous rate const., cm/sec , 

b,h 

and C , C„ and t have their usual significance. 

Ox Red 

The cathodic current is obtained by multiplying the rate of 
reduction of the oxidized form by the area and the charge required (to 
reduce one mole" of the oxidi ze-d.-f orin) . Hence 

[29] 




dN_ 

‘c ' - -df 


Similarly, one can write for the anodic current; 

dN, 


Red 
^a “ dt 


(nFA) = - (nFA) 


[30] 


The 


net current is simply the sum of the anodic and rathodlc 


currents : 


or 


i = 1 1 1 

c a 


i ^ *^f,h Six - ‘'b.h ^Ked 
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Thf! rate constants ore exponertial functions ot the applied 
potential. These are given in Kquatlcns 35 and 34 below: 

‘'f.h ■ ‘' r.h j- 


r 
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and 




= exp 


q-g) 

RT ’ 


[34] 


where kj:°'s are the rate constants at E = 0 versus the normal hydrogen 


electrode . 


The postulate that the reaction is an exponential function of 
the applied potential was first formulated by Eyring (32) from the 
absolute reaction rate theory. This postulate was further verified in 
a quantum theoretical treatment by Gerisher (30). 

Alpha, a, is a constant called the transfer coefficient. 

There is considerable controversy over the physical significance of the 


transfer coefficient. The .most common interpretation is that the 
fraction of the potential aE favors the cathodic reduction reaction and 
the fraction (l-;a)E favors the anodic oxidation reaction. Typical values 
for a are between- 0.13 and 0.65, most values of the transfer coefficient 


being close to 0.5. 

At the equilibrium potential there is no net current and 


hence , 


and 


“f,h ‘ ‘S,-. 's.d 


i -SSP c 

RT ’ 

1 

f 

(1-a) n.F 

■ ■ '‘b.h <=Red '-P \ 

RT ^ ^ 

J 


r n£. 1 
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It is a simple matter to reduce this expression to a statement 
of the Nernst equation. Note here that there are cathodic and anodic 
currents at the equilibrium potential; however , the cathodic and anodic 
currents Identically cancel each other. The value of the cathodic ( or 
tinodic) current density at the equilibrium potential is called the ex- 
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-hnnge current denait.y, i- The relative magnlturlr of the exchange 
current density is often used in deteriinne the totalytlc activity of a 
particular electrode material; the higher the actrviry, the higher the 

exchange current density. 

A ccmbinatlon of equations yields the equation; 


I 


- C 


Red 


u 1 

s,h 1 

Cq^ SKP 

1 


exp 

(l-a)nF 

RT 


-e„) 


1 


‘J 


[37] 


where V: is the standard ’■ate constant at the equilibrium potential, 

s ,n 


A still more common expression of tbe current-voltage relationship is 

[381 
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1 anF n 

(1 -a)n_F n| [ 

exp 1 

, 

exp [ 1 


This equation can be written in the following simplified form: 

1 . I, - e® 1) 1391 

where A and B are constants. It is easily seen that a? E varies in the 


-An , Bn. 

proper direction one component cf Eqa.39 (.t-e. either ioO or 1 e ) 


becomes large while the other be cemee small In general, if the potential 


is more than volts different from the equilibrium potential the 


current will be either 99% cathodic or 99% anodic Therefore, at large 
positive or negative values of the overvdtage, n Is a logarithmic 
function of 1, 

n = a + b log 1 

Such a plot of n veisus leg i is known as a Tafel plot and b 
Is known as the Tafel slope In general . J_f _a^J^iLfej_jgTj^ (1 e, a plot 
of n vs log i which yields n straight line) is^bjained f tom. Fxpetlmen_tal, 
data, then it can be concluded tha t Mr pve rvol 
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ovetvoItaRc . Furtliermore , extension of the Tnfel line to n " ^ yields a 
value of the exclianye current density. Often the slope of the Tafel line 
is characteristic of a certain type of mechanitra, e. g. if b = .12, then 
a one-electron transfer step Is often assumed to be rate determining. 

The value of the Tafel slope also yields a value of the transfer coef- 
ficient, a. 

Equation 40 is very important in electrochemical studies. 

Tafel plots are powerful analytical tools for .determining the nature of 
electrochemical cell overvoltages. This type of plot is used extensively 
in the analysis of the experimental results presented in this thesis. 

D. Other Factors Influencing Current-Voltage Relationship . 

Unfortunately, the world of electrochemistry is not governed 
solely by the Nernst equation, diffusion overvoltage, and charge- 
transfer overvoltage. There are many complicating factors which come 
into play; some of these are more dominant under certain conditions than 
under other conditions. In many instances, these other factors can be 
safely overlooked. Nevertheless, it Is necessary to understand what they 
are. where they derive from, and hew significant they are. These other 
factors Include other sources of overvoltage and other sources of 
potential drop. These factors are discussed below in a less-than- 
rigorous fashion. 

1 Reaction Overvoltage . 

Reaction overvoltage exists when a sepa.‘a''e chemical re '''tlon 
ifi the rate determining step In the overall electrochemical reaction- 
Tn other words, if an electroactive species must undergo a chemical 
reaction which has a much smaller rate constant than the other partin' 
rate p'oeesses, (e.g. diffusion or electron transfer), then there exists 
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reaction overvoltage. By definition, a chemical reaction Ip independent 
of the applied cell potential. 

Vetter (80) gives a quantitative expression for the reaction 
overvoltage : 


RT , a(i) 
n = V In — ^ 
nf a 


[41] 


where V is the stoichiometric factor of the reactant > pecies being 
produced or consumed by a particular partial electrode reaction, a is 
the activity of the substance an equilibrium. The activity, a(i) , is 
the activity of the substance at any current density, i Reactlm over- 
volatge is generally accompanied by diffusion since the activities of 
the species are changing. However, the concurrent diffusion overvoltage 
is generally very small. In the literature, reaction overvoltage plus 
difussion overvoltage is called concentration overvoltage. 

A distinction Is made between homogeneous and heterogeneous 
reaction overvoltage For a homogeneous rate- limiting step, the over- 
voltages will be independent of the properties and state of the electrode 
surface. Conversely, a heterogeneous chemical reaction process will be 
highly dependent on the propecties and state of the electrode surfa-’e 

In prac*^ice, the existence of a dominant reaction overvoltage 
is rare, although there are definite cases where it does exist, eg 
UNO < /UNO? redox electrode and the cathodic generation of hydi-ogen. 

Although reaction overvoltage does not play a nle in the study 
of water vapor ele^'t rolysis, It is nevertheless worthwhile t o he aware 
of its existen'’e. in this presenta I i on of the generalized ele'" f;T'('- 
chemical reaction 


2. Crystallization Overvoltage . 

Since this paper deals almost exclusively with redox reactions, 


- 26 -- 


no discussion of crystallization ovcivolLage is presented here, as It 
occurs only at metal/ion electrodes. Crystallization overvoltage is 
related to the difficulty in the inclusion or release ol: "ad-atoms" 
into and from, respectively, the lattice of the solid metal electrode. 
Quantitative expressions of crystallization overvoltage have been de- 
veloped and are presented by Vetter (81)- As in the case of reaction 
overvoltage, crystallization overvoltage plays no part In water vapor 
electrolysis. 

E. Other Sources of Potential Differences^ . 

1. Electrical Double Layer . 

At an electrode which is positively charged an adjacent layer 
of negatively charged ions will form. This layer of ions is characterized 
as compact or diffuse, depending on the relative concentration of ionic 
charge near the surface of the electrode. For any other negative Ion 
diffusing or migrating to the positive electrode surface, a repulsive 
force will arise between the negative ion and the negatively charged 
layer of ions. The existence of the two layers (i.e. the positively 
charged electrode surface and the surrounding layer of negatively charg- 
ed ions) is called the electrical double layer. See Figure 3. 
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Figure 3. ELECTRICAL DOUBLE LAYER 
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The electrical double layer if- charade ilged by the double 
layer capacitance, and the double layer zeta potential, r,. Vetter (82) 
gives quantitative expressions to evaluate these parameters. Experi- 
mental values of the double-layer capacity of bright platinum lie 
between- 10 to 40 pF/cm^, The actual value .depends on the electrolyte, 
its composition, and the potential. It can be shown that for electro- 
chemical cells operating at relatively large current densities (e,g. 

> lO"** A/cm^), . the effect of the .electrical double layer is negligible, 
also, at high concentrations (e.g. ^ IQ-' M) of the electroactive species, 
the capacity current, i. e. , due to the double layer can be neglected. 

On the other hand, at low current densities one cannot neglect the double 
layer. Because studies of water vapor electrolysis are carried out in 
aqueous solutions (water being a concentrated electroactive species), 
the effect of the double layer can be neglected. This is true even at 

low- current densities. 

2, Ohmic Drop 

The actual potential of a particular system includes the ohmic 
drop due to the resistance of the cell and connections. The ohmic dtop 
is simply equal to the product of the total resistance and the cell 
current. In general, the resistance of the cell and connections is of 
the order of 100 ohms and the net contribution to the overall potential 
drop can most often be neglected. Usually, selection of a supporting 
electrolyte of high concentration assures a minimal ohmic drop. 

'lire net potential drop, E^, is given simply by 

E = E, + IR 
r i 

where E is the initial potential and R the total resistance. In 
practice, however, the potential Is often varied as a linear function 
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of time, v-t where v is the sweep rate in volts hnin. Since, the 
current j. is a function ol the potential, li, the actual potential 
dependence on time can be complex if the ohmic drop is not small. 

Delahay gives an approximate mathematical interpretation (22). 

At high currents, whan the contribution of ohmic drop is 
significant, current-voltage curves must be corrected to account fer 
this IR drop. A measureable IR drop occured in the experimental work 
of this- thesis and an analysis of the data includes corrections for these 

ohmic losses. 

3 , Liquid - Liquid Potentials. 

A common- complicating factor in electrolytic cells is the 
potential difference which exists at the contact zone between two 
different electrolytes. This is often the case at the contact zone 
between the cell electrolyte and the reference electrode solution. 

This added potential differenre must be taken into account, as It can 
be relatively large. The potential which exists as described ab.'ue is 
called the liquid - liquid ju:;ction potential, 

The general expression for this potential is: 


n R'f I 

®L-L “ F j -1 






d In a , 


IA3J 


where a 'is the activity of the species in phase 1, t. is the 

J ,1 J 

transference number of the species, and B.is the charge number of the 

species. T'le transferencf is the fraction of current carried by the 
species. Tie exact solution of this equation depends on the par- 
ticular characteristics of th; diffusion zone. 

In tiie special case cf a liquid junction potent. 'al at 
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different concentrations of the same dissolved species, the above 
equation can be simplified to give: 


L-L 


81 £ ii i„ lui 


[ 44 ] 


This equation Is commonly called the Henderson equation. 

By placing a common ionic solution between two different 
electrolytes, one can greatly reduce the magnitude of the liquid 
liquid Junction potential. This is frequently dene in practice by 
insertion of a concentrated KCl solution "salt bridge ' between the two 
electrolytes. Vetter (83) gives the corresponding equations. 

Awareness of the liquid - liquid potential influenced the 
selection of a proper reference electrode for the experimental work of 
this thesis. Details of this particular problem are given later. 

4. Adsorption . 

Ralph Adams has written a recent text on the electro- 
chemistry of solid electrodes (1). In the preface of the text he writes, 
"Also, more Important to the concept of the book, there is- no organized 
treatment of adsorption phenomena. Critics may well ask,- ’How ... can 
one write a book- on solid electrodes and not adequately treat adsorption?' 
... Unlike some, I do not feel that adsorption Is the single, most 
important part of every electrode reaction ... When adsorption processes 
are better understood, and particularly when their role In the overall 
electrode process can be assessed better, then these discussions can be 
properly modified ..." 

At this point in time, reliable quantitative expressions of 
the' ef fect of adsorption on current-voltage relat ionships are still non- 
existent. In fact, recent publications (15, 16) have shown that previous 






interpretat i onH of adsorption phenomena at soJ.fd electrodes are often 
Ill-founded, Conway (16) has concluded that in "complex anodic reacMons 
It seems, therefore, that the method (i.e. potential) sweep must be 
applied with caution and that only qualitative or semi-quantitative 
kinetic and coverage information can be derived," 

In general, a current-voltage curve will exhibit a leveling 
otf of the current at the potentials where adsorption is occurring on the 
electrode. Depending on the magnitude of the potential sweep rate, 
"adsorption peaks" may even be descerned. Figure 4 gives typical ex- 
amples of adsorption processes. 

Adsorption processes generally occur at potentials preceding 
the potentials at which the kinetic currents occur. This is so because 
the adsorbed intermediates often act as the new catalytic surface at 
which the electrochemical reaction occurs. 


(a) (b) 




Adsorption causing constant Adsorption causing peak 
current current 


Figure 4. ADSORPTION CURREN’T-VOLTAGE BEHAVIOR 
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Tim quantitative cxprcsslona which do exlut arc cx*vemoly 
complex. The adsorption layer is characterized by its capacitance, 
and the electrode surface is characterized by its fractional coverage, d. 
Simple expressions do not exist to evaluate these properties. Conway (26) 
gives quantitative expressions, for what they are worth. 

Since an adequate theory of adsorption phenomena at electrodes 

does not exist, present practice is the Individual interpretation of each 
particular electrode process This is true in the case of the water vapor 
electrolysis reaction and is an Important part of the related discussion 
which is presented later in this thesis. 


V. 


LlTKUArUHl'; SI'IARCH 


OF Tllli WATFR VA]‘OK ICLMOTROLYS F S 


RKACTION 


A. Cieneral. 

The oxygen electrode has been the subject of much controversy 
throughout its study. This Is still true today, as Vetter (82) writes, 
"The mechanism of the oxygen electrode is simply not clear at present." 
Nevertheless, several aspects of the oxygen electrode have been fruit- 
fully studied. Some of these observations include: 

1. 'fhe equilibrium potential is unattainable except under 
very special conditions. 

2. The evolution of oxygen occurs at high overvoltages. 

3. The current -voltage characteristics are dependent on the 
pre-treatment of the electrode. 

4. Oxides and adsorbed layers affect the current-voltage 
relationship. 

Determination of the actual mechanism of the oxygen electrode 

has been the heart of most research on it, 

T'his work investigates only the anodic evolution of oxygen in 
concentrated (approx. 8M) sulfuric acid in a silica gel matrix at a 
brlte platinum electrode. However, the observations of other conditions 
of the oxygen electrode add much Insight to the Investigation of the 
afore-mentioned system. Therefore, the oxygen electrode at rest and the 


^The bulk of the material In this section Is taken from tlie 
excellent review of the oxygen electrode by J. R. lloare, entitled 
The Electrochemistr y of Oxygen . Since this book was copyrighted In 
1968, it was only necessary to search from 1968 to 1972 for other 
pertinent literature, lloare' s basic format In explaining the oxygen 
electrode is followed here. 
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reduction of oxygen arc also dlscobscd below. in order to shorrnn i ho 
difif.usPi.on fjomewhat, only c.bfiei vat,lon.s at plaLiinmt olecirodGs In acid 
solutions are presenLod- 
h. OxvReu Electrode at Rest 

It has been long known that, under open circuit conditions, 
the usually observed potential cl the oxygen-hydrogen cell is only about 
l.lOv. This is considerably lower than the equilibrium potential of 
1.299 V. The standard potential fot the overall reaction 0^ + 2H^ = 2 H 2 O 
has been calculated from the stands' d heat and entropy of fomation of 
water (-68,317 cal/inole and -39.0 cal/deg-moie, respectively) (28). 

The large discrepancy between the observed potential and the 
theoretical equilibrium potential can be round to derive Ficm the fact 
that platinum and the other noble metals are not inert tc oxygen 
saturated electrolytes- This gi«es the oxygen elect r-..de Its irreversi- 
bility and poor teprcduct tbility . 

Studies of the oxygen electrode under open circuit conditions 
have been directed at determining the actual state oi the electrode 
suclace, i.e. the type of adsorbed fxims, the extent of coveiage, and 
the effect of impurities- Some of the significant results of these 
studies are presented belcw. 

1 , Oxides . 

The first exp lanat lent cf the observed potentials oL the 
oxygen electrodes proposed sn oxidt/oxygen ccuple instead cf the metal/ 
oxygen couple as determining the rest pctcntial Such an explanation is 
commonly called the "oxide theccy" Researchers have suggested that tht 
surface of the platlnunj was oxidized, thus causing the low potentials 
of the oxygen-hydrogen (o.<. Grove) cell (29, 30, 31) Several oxides were 
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TabJ.e 1 



POTENTIALS 

OF PLATINUM OXIDE 

COIIPI.K.S 

Electrode 

couple 

Lo renz 
and 

Spielmann 
C65.66, 75) 

Grube 

(33) 

Nagel 

and 

Dietz 

(6?) 

I.atimer 

(5b) 

and 

de Berhune Hoaie 

(18) (45) 

Pt/Pt-0 




0.88 V 

Pt/PtO 


0.9 V 



Pt/Pt(OH)2 
Pt/PtO. 2 H 2 O 

0.95 V 

1.04 V 

0.98 V 

0 98 V 

Pt/Pt02.2H20 

0-96 V 




Pt/Pt02.3H20 

Pt/Pt02.4H20 

0-98 V 

1.06 V 



Pt/PtO^ 


1.5 V 



Pt/PtO^ 


1.6 V 



Pt/Pt 30 ^ 



1.11 V 


Pt(0H)2/Pt02 



1.1 V 

1.1 V 




( 
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subfiequently irJonUl ied <ind the poLcnt lals ui the metal-met nl oxide weie 

determined. These ate Table 1. 

Foe ester (26) argued that the open- cir cuit potentials were the 

result ol a combination of oxides, PtO . 

o 

The oxide theory is generally considered to be incorrect due 

to the following observations: 

1, Plateaus in the potential-time curves can not be found 

which correspond to any of the measured oxide potentials f26) . 

2. Oxides of other noble metals (Pd, Au, f(h, Os, it, and Ru) 
had potentials which approached a common value with time, 
instead of different values as one would expect with the 
oxide theory (4). 

2. Adsorbed Oxygen Film s. 

The technique ot using constant current curves to investigate 
the formation and reduction of adsorbed films on platinum has been widely 
used. Iloare (37) cites 33 papers on this technique. in general, it has 
been found that the adsorbed layer of oxygen is a monolayer of atomic 
oxygen (6). The thickness of the oxygen layer has been determined by 
analysis of charging curves (il, 73) and, mote recently, by ellipsometrlc 
methods (69, 70). 

Constant current charging curves yield Infcrmation cn the 
number of coulombs required to form a monolayer cf oxygen, Qa, and the 
number of coulombs requited to reduce it, Qc it is oiways found 
cxpurimentally that Qa _ Qc • Slow charging techniques (34) shew that 
Qa • Qc, while fast rharging techniques (10) yield Qa = Qc After about 
20 cycles of anodic and cathodic pclarixation in 8m HCIO^ between 3 and 
1.4 V, Feldberg, Fnke, and Biicker (lO) -epetted that Qa/Qc approached a 
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value of I, whereas initially Qa/Qc 2* it is now cenerally accepted 
that the reason Qa > Qc ioi. fanv. char gins techniques and for repeated 
cycling is the dissolution oi oxygen into the platintmi metal itself. 

Only a monolsyer exists on the surface; the rest is dissolved into the 
body of the metal. Schuldiner and Warner (74) showed that with rapid 
charging, only the adsorbed oxygen was measured to determine Qa and Qc. 

On the other hand, with slow charging both the oxygen dissolved in the 
platinum and the adsorbed oxygen were measured. Similarly, repeated 
cycling tends to saturate the platinum metal with oxygen; the equivalent 
of several monolayers of oxygen can be dissolved in platinum metal before 
it is saturated. Once it is saturated, only the adsorbed layer determines 
Qa and Qc (dissolved oxygen is difficult to remove), hence, Qa = Qc 
when the platinum metal is saturated. Thacker and Hoare (76) distinguish 
between oxygen on the surface, dermasorbed oxygen (in the "skin" of the 

metal), and oxygen absorbed into the bulk metals 

Rapid potential sweep methods have also yielded information 
about the nature cf the adsorbed films of oxygen. A typical curve (38) 
for the oxygen-hydrogen cell in acid solution is given in Figure 5. 

The interpretation of this curve is as follows: oxygen 
adsorption begins at about 0.85 V and oxygen evolution at about 1.4 V; 
hydrogen peaks exist below 0,4 V. Note that the anodic and cathodic 
peaks for hydrogen occur at the same potentials, implying a reversible 
process. On the other hand, the cathodic sweep must proceed further 
than the anodic oxygen adsorption potential to reduce the oxygen. This 
indicates an activation barrier in the adsorption of oxygen. The same 
principle of oxygen dissolution into the platinum metal, applies to fast 
potential sweeps as well as constant charging curves, 



POTENTIAL SWEEP OBTAINED 







Unfortunately fast triangular sweep curves are difficult to 
interpret quantitatively. Conway (15, 16) points out that many of the 
present interpretations of rapid potential sweep curves are somewhat 
incorrect because the capacitance of the adsorbed intermediates has a 
complex effect on the current~voltage relationship. Furthermore, the 
capacitance is a function of the magnitude of the potential sweep rate. 
Hence, quantitative interpretations of rapid potential sweep curves are 
suspect. Conway cautions that qualitative or semi-quantitative inter- 
pretations are all that can be made, based on the present state of the 
knowledge of adsorbed intermediates. 

Bockris and Huq (9) were able to maintain a complete 
electronically conducting monolayer of oxygen on a platinum electrode. 

The reversible potential was obtained for an hour in oxygen saturated 
H2S0^ solutions (.COIN to O.IN). Impurities were rigorously controlled. 
This is especially Important for the oxygen electrode because the 
exchange current density, i©> is very low (approx. 10 A/cm )- Impurity 
reactions could, therefore, be potential-determining at potentials below 
the reversible potential (1.23V). Bockris and Huq calculated an impurity 
level of less than for their experiments. The platinum electrodes 

were pre-treated to insure a complete monolayer of electronically 
conducting oxygen. The electrodes were prepared for two hours at 500 C 
before plunging them into the pre-purified, oxygen-saturated sulfuric 
acid solutions. After about an hour, the potential dropped to lower 
values. 

3. Mixed Potential Theory . 

The most widely held explanation of the low value cf the rest 
potential of the oxygen electrode is the mixed potential theory I'wo 
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projuinent versions of what the coiribinlng teattiona itixght be are 

piesented below. Others are given by Hoare (40>, 

Hoar (36) was the first to suggest a mixed potential mechanism. 

He proposed that cracks exist in an oxide surface film whereby oxygen is 

reduced and a platinum oxide is formed on the platinum surface, i. e. a 
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local cell IS set up. By applying a countercurrent of 2 x 10 A/ cm 

the reversible potential has been maintained. This count uc current is 

equal to the local cell current. 

A mixed potential theory of two reactions occurring at 
different points on the surface of the electrode has been proposed by 
Lewartowicz (62). Hoare (39) suggests the O^/H^O reaction and a 
Pt/Pt-O reaction: 

Pt-0 t- 211"*^ 1 2e = Pt + H^O Ej - 0.88V. [45] 

Pt-0 is a layer of adsorbed oxygen atoms (as opposed to PtO, 
an oxide layer) . (Further discussion of the oxidation of Pt is given 
by Appleby (3)) Oxygen is reduced on the PtO sires, and Pt-O sites 
are formed by reacting with water (Eqn 45). This should ultimacely 
produce a complete Pt-0 layer and the reversible potential, 1.23V, 
would be obtained. However, Hoare concludes that a complete Pt-0 
layer is unstable in acid solutions, hence some bare Pt sites always 
exist. Therefore, the mixed potential of the O 2 /H 2 O and Pt/Pt-0 
reactions is determining (Note that the mixed potential, E^, must lie 
between the values of the two combining potentials) . 

The mixed potential fan thus be used to explain the dependence 
of the test potential on the extent of surface coverage This dependence 
has been reported by several workers (iO, 31, 71) and is a function of. 
electrode pretreatment. Therefore, the mixed porent.al theory tan also 
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be URO.d Lo explain tbe dependence of. Uhe rest por.enLtai on electrode 
pretreatment. Unfortunately, there is little positive evidence for the 
existence of a mixed potential at the oxygen electrode. It has not been 
proven to exist nor has it been disproven. It can explain, however, 
the many anomalies of the oxygen electrode. The only positive evidence 
thus far is chat cathodic stripping measurements have shown that the 
maximum quantity of oxygen stripped is less than a complete monolayer-. 
This means that there must be seme bare Pt sites available, 

A. Conclusions , 

In summary of the phenomena of the oxygen electrode at rest, 
the following important facts have been determined: 

1, The reversible potential is attainable only under 
strict control of impurities. 

2. The reversible potential is attainable only when a 
complete adsorbed layer of Pt~0 exists. 

3, Oxygen is dissolved into massive platinum. 

4. The existence of bare Pt sites gives rise to lower 
rest potentials 

C. Anodic Evolution of Oxygen . 

Overvoltage curves (i.e. log i vs. E) of oxygen evolution at 

Pt electrodes are characterized by high overvoltages. Under ordinary 
conditions Tafei behavior begins at an overvoltage of about 0 4V. 

Between current densities of lo'^ A/cm^ and 10 ^ A/cm^, a typical Tafei 
slope is 0.10 to 0,13, and the extrapolated exchange current density is 
about 10~^ A/cm^ for systems with controlled impucities. A typical plot 

is given below (9) in Figure 6 

Note that the in.ttial potential sweep does not lollow lafel 


Potential (volts) 


lil " 


A 



current followed b> (B) decreasing current f.^llowed by 
(C) Increasing current followed by (b) decreasing curient 
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bp.havJor. This Is due to the I act that the adsorbed monolayer o£ oxygen 
is still being formed. Once it has been formed, the curves become 
reproducible. 

Hoare (41) points our that the anodic evolution of oxygen on ^ 

platinum is activation (or charge transfer) controlled because a Tafel 
region is observed and because .he overvoltage, X), decreases as the 
temperature increases, while the value of the Tafel slope remains the 
same. 

An oxygen overvoltage curve shows the changes in the surface 
oi the Pt electrode. Figure 7 belcw, rs interpreted as follows (42). 

In the region BC a limiting current is observed and is 
considered to be the potential range where the Pt-0 film is being built 
up. Oxygen evolution begins at point C and the region DE has been 
Interpreted to represent a conversion of Pt-0 to PtO^ (despite the 
previous arguments against an oxide theory) . At point E, a stable Pt-0 
film has been formed and the subsequent EF region is the Tafel region, 

A slope of 0.14 is obtained and the exchange current density, io» i& 

8,5 X lO"^ A/cra^ in good agreement with cthe': results. 

Although most workers believe that the rate determining step 
IS an electron transfer, the mechanism of the oxidation of oxygen (i-e. 
evolution of oxygen) Is still unknown Various factors which affect the 
evolution of oxygen have been studied to help determine the mechanism. 

Although these studies have not succeeded In pinning down a particular 
mechanism, they have been illuminating Some of the important aspects 
of these studies are presented below 

1, Effects of pH and Adsorbed ions 

It has been found (9) that on bright platinum, the overvoltage 


. ^ 


Log apparent current density (A/ cm ) 


Figure 7 


OX^GKN OVERVOLTAGE CURVES ON A BRIGHT 
Pt ANODE IN 0„- SATURATED 2N H SO . 






decre£.Heii tot the lower pit's but increiise. In very strong acid solut ions. 
As acid strength increases, the effect is often clouded by the adsorption 
on ions and the presence of other reactions. In pat ticular , high concentra- 
tions of H^SO^ (.51) produce H^S^Og and H2S0^ and also cause an oxygen 
exchange wlch the water (29), whereas high concentrations of HCIO^ do not 
exhibit these problems. In both cases, the anions (S0^= and ClO^ ) are 
rapidly adsorbed and an abrupt shift in the overvoltage curve is noticed. 
An example of this Is given in Eigure 8 (54) 

18 

Frumkin (28) found using HCIO^ with tagged oxygen, 0 , that 

0^^ did not exist in the lower Tafel region, but did exist in the upper 
region. This behavior led him to conclude that CIO^ ions are speci- 
fically adsorbed. 

Two distinct Tafel regions separated by a limiting current 

region were also found by Beck and Moulton (5) . By showing that the 

limiting current was identical on rotating and stationary electrodes, 

they concluded that the process was not diffusion controlled. They, 

too, concluded that the break was due to the specific adsorption oi 

CIO . At high current densities other reactions were found to occur, 

4 

namely 

CIO' CIO2 + O2 
and 

3 CIO^ 1- + e ♦ 3 HClO^ + 2O2. ^^7] 

Note that the effect of these reactions is to produce more oxygen than 
can be accounted for from the electrolysis of water 

The formation oi ozone, 0^, is also common to the electrolysis 
of very high acid concentrations. Briner (12) has detected ozone in the 
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electrolysis of conceiU-KAted solutions of H^PO^, K.OH, IICIO^^. 

Addition of reducing i^gents, e.g. NaNO^ and Na^Si have been 

found to increase, the overvoltage (35); however, Bockris and Huq (9) 

found that the addition of Na2&0^ lowers n. All workers agree chat the 

actual effect of adsorbed ions is difficult to interpret. 

D. Cathodic Reduction of Oxygen . 

Although the reaction under investigation by the research is 

the anodic oxidation of oxygen, the cathodic reduction is discussed here 

because it sheds light on the nagging problem of the presence of H 2 O 2 . 

The generally accepted reaction mechanism consists of the 

following slow step: 

(n \ slow 

2 ads + e ^ (O 2 ) [ 4 g] 

and the subsequent fast steps: 


«>2'> ada * ads 

[49] 

<»°2) ads * ^ ads 

[50] 

(«°2‘> ads + ■ “’2“2> 

151) 


The formation of H 2 O 2 is an Important step of this mechanism. 
The main evidence for this theory is that the cathodic reduction is 
accompanied by the presence of the stable intermediate, ^2^2' 
intermediate is never found, under proper control of Impurities in the 
oxidation reaction-) The H 2 O 2 is then decomposed at the electrode by 

ads "2 [52] 

Typical n vs. log 1 curves yield a Tafei region in the current 

density range from 10 to 10 A/cm with a slope approximately 0.1. 

-9 2 

The corresponding exchange current density, 1 l » is about 10 A/cm (86) 
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A plot of overvoltage versus log P„ shows change of n of 60 mv Cor a 

2 

unit step in log . This has been interpreted ( 46 ) to mean that the . . 
rate determining step is an electron transfer with 

The presence of H2O2 has been found experimentally to depend on 
the magnitude of the current density ( 43 ). In particular, for 1 less 
than 10 ~^A/cm^f. H2O2 does accumulate and reaches a steady state value 
around 10 ~^ to lO”^ M. The observations have been interpreted as being 
due to the relative ability of the platinum surface to decompose H2O2. 

The platinum surface changes with current densities, having more bare 
sites at higher current densities, and having fewer bare sites at lower 
current densities. The presence of adsorbed oxygen inhibits the 
reduction of O2 to H2O but promotes the decomposition of H2O2 to O2 ( 53 ). 
It is on the bare Pt surface that steady-state reduction occurs. 

One other significant reaction scheme has been proposed, in 
which HO, is a side product rather than an intermediate ( 17 ) . The 
experimental evidence for this is that H2O2 is not found present when 
impurities are removed from the system. Hoare ( 44 ) argues that, in the 
absence of impurities, the Pt surface. can decompose the H2O2 as fast as 
it is formed; consequently H2O2 is not detected. Obviously the point 
of whether H2O2 is a side product or an in tended late is a critical one, 
and as yet, has not been unequivocably resolved. 

Study of the nature of the electrode surface in contact with 
the 02 » has revealed that O2 dissolved in the Pt surface enhances the 
reduction of 02» but an adsorbed layer of okygen inhibits the. reduction 
of O2 ( 47 )* Ou the other hand, an adsorbed layer enhances the de- 
composition of H2O2. This phenomenon of the adsorbed layer of O2 
Innibitlng the reduction of O2 is exactly contrary to the oxidation 
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roactlou. l'’oi the oxidation reaction potentialR approach Lnft the 
theoretical reversible potential have only lieen obtained in the presence 


oi an adsorbed oxygen layer. 

E. Anodic Evolution of in Sulfuric Ac id. 

There are many studies of oxygen evolution which have been 
carried out in sulfuric acid solutions. In fact, sulfuric acid is the 
most common solution to be used on oxygen electrode studies, However, 
almost all studies in sulfuric acid are limited to one or two concen- 
trations of H^SO^ and these are concentrations less than 2N 

There are three excellent reviews which do cover the spectrum 
of sulfuric acid concentrations. These reviews are discussed here 
separately. 

1, "Dependence of Oxygen-Evolution Overvoltage on Smooth 
Platinum On the Sulfuric Acid Concentration" by V. L. Khelfets and 
I. Ya. Rivlin (51) 

Several important observations are r.ade In this paper. First, 
reproducible overvoltage curves are attainable only after prolonged 
preanodization. Initial experiments showed a continuous shift toward 
more positive potentials with successive experiments. Long interruptions 
also affected the reproducibility of the current voltage curves. Fig, 9 
presents the results of their steady state overvoltage determinations. 

Increasing the sulfuric acid concentration has the effect of 
shifting the overvoltage curve toward more positive potentials. This 
is expected because the activity of water decreases as the concentration 


of sulfuric acid increases 


According 


. 2-3RT 
+ - 4T 


to Equation 53 below, 

4 

log 

2 t53] 
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where r.o if’ ihe particular cquilibr iuui potential, ho is the standard 

potential (1-23 V), Is the activity of the hydrogen ion, and 

is the activity of water. The equilibrium potential . Increases as 

a decreases. The observed shift in the overvoltage curves isjn^h 

H2O 

greater than that due simply to the shift In the equilibrium potential. 
Therefore, strong polarization must be occurring, l.e. there is a 
strong increase in the activation energy required to make the reaction 

occur. 

Finally, Kheifets and Rivlin point out that at high concen- 
trations of sulfuric acid (>6.6M), there is an inflection in the over- 
voltage curves. Two distinct slopes can be distinguished from these 
curves, \-fhile other authors attribute the inflection in these curves 
to a change in the reaction mechanism (50), Kheifets and Rlviin 
attribute this to a strengthening of the bond between the oxygen and 
the platinum. They also note that, at high concentrations, persulfuric 

acid is formed by 

2 HSO' - 2e ^ [54] 

Table 2 gives the information describing their observations 
of the efficiency of 0^ production. The increased production of 
causes a decrease in the production of as one would expect from 

stoichiometric considerations. 

2, "Electrolysis of Concentrated Sulfuric Ac id Solutions 

Using Tagged Oxygen" by Kaganovich et.al. (50). 

A break exists In the Tafel plots which yields two distinct 
Tafel lines of essentially the same slope (see Fig. 10), In contrast 
to the paper discussed above, Kaganovich et.al. suggest that the break 
corresponds to a change in mechanism, namely, that oxygen evolution at 
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the higher current dentlU'-K involves anions in some fashion. Analysis 
for tagged oxygeUi supports this view. They conclude that tagged 

oxygen is found at increasing concentrations in the evolved gas in the _ 
break, range and beyond . This is attributed to suriace isotopic ex- 
change which is possible because of strong anion adsorption at high 
overvoltages and high anion concentration. 

Table 3 gives the constants characteristic of the electro- 
chemical system which was used. 

Kaganovich et.al. pretreated a smooth platinum electrode by 
repeated anodic and cathodic polarization. The anodic current density 
was kept less than 7 x 10~^ A/cm^ before measurements. The current was 
changed continuously and the potential was measured two minutes after a 
current change. 

3 . ’ 'Investigation of the Kinetics of the Electro- oxidation of 
Sulfuric Acid" by E. A. Efimov and N. A. Izgaryshev (23). 

This study of the electro— oxidaticn of sulfuric acid to per 
sulfuric and monopetsulfuric acid is the most thorough and highly regard- 
ed study of the polarization of high concentrations of sulfuric acid. 

The basic reaction in question was: 

2HS0^” - 2 e * acis) [55] 

with the following side reactions: 

2 H 2 O - 4e + O 2 156] 

H S.,0„ + H-0 “ imonoper-julturic acid) [57] 

2 2 8 2 2 ^ 

SO^ •+ H 2 O - 2e = 8280 ^ t O 2 [58] 

H 2 SO 5 + H 2 O = H230^ + H2O2 
H2S0^ + H 2 O 2 = “2^ 


[ 60 ] 
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Table 3 

CHAIUCTEIUSTIC CONSTANTS OF WATER VAPOR ELECTROLYSIS 


Concentration 


(A/ciTi ) 


a 




IN H^SO^ 
7N H^SO^ 
ION H^SO^ 
15N N^SO^ 


3 X 10 


-9 


1 X 10 


-7 


2 X 10 


-7 


2 X 10 


-7 


0.39 

0.32 

0-29 

0.28 
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HO^" - 2e = h'*' + 0^ 

" ^^ 2 ^^ ■" °2 ' 

Efimov and Izgaryshev found that reactions 57 ~ 62 were 

unimportant. However, the existence of h2^2'^8 ^2®2^5 found to be 

characteristic of the vatiabies of the electrochemical system. 

Their polarization data are presented in Figure 11. These data 

were obtained on smooth platinum in sulfuric acid concentrations from 5.0 

to 36.0 N. The anode was a platinum wire, 0.3mm diameter. Analysis for 

-3 2 

H S 0 was made in the current density range of ^.2 x 10 to 2.0 A/cm , 

^ ^ -3 2 

as H S 0 and H„S0_ were not detected below i = 4.2 x 10 A/ cm . The 
2 2 8 2 5 -3 2 

electrode was. preanodized for 30 minutes at 1 - 2.1 x 10 A/cm . Three 
minutes after a particular current density was established, the anode 
potential was measured. At each sulfuric acid concentration, 3 to 6 
plots were made, and average values were taken. The repoducibility of 
the potentials was 5 to 20 mV. This is reasonably good repoducibility 
and it might have been improved b> extending the preanodlzation time. 

Efimov and Izgaryshev made several significant observations 

and conclusions: 

1~ The current efficiency tor the production of h^S^Og 
passes through an optimum. These optima lie in the 
11280^ concentration range of appti-ximately 15 - 27 N 
^^2^^4* concentrations requite higher potentials to 

produce ^2^2^8* 

2. The optimum production of ^2820^ is> independent of current 
density (hence potential) and depends only or. H2S0^ 
concentration and occurs at approximately 25 N 11280^^. 
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This can be expected because Equaticu 57 is a chemical (not 
an electrochemical) process. 

3. Tatel behavior tor the production of oxygen Is observed 
until i = lO”^ to lO"^ A/cm^, At this point the curves 
bend toward higher potentials, after which time another 
inflection is reached and the curves bend back. 

A. Efimov and Izgaryshev agree with the explanation of 

Kaganovich e.al. (50) that the upward bend results from 
a change in the mechanism of oxygen evolution. ..They 
disagree with Kheifets and Rivlln (51) that the break is 
caused by the production of H2S20g (which Efimov and 
Izgaryshev had also believed earlier (A8)) . 

5. The second bend is attributed to the depolarizing effect 

of the decompostion of . Although mixing the 

solution before the second inflection produced no change 
in potential, mixing above tnis point increased the 
potential 20-30 mV. This effect results from the excess 
accumulation of S^O^” near the electrode. As the L^O^ is 
dispersed, the potential increases. 

6. In extremely concentrated H2S0^ solutions, there was a 
physical hindrance to any increase in current (e.g. 35.9 N 
at 0,3A/cm^). This occurred because of obstruction by 
oxygen bubbles. The surface of the anode was coveted fay 
these bubbles which could only be removed by the application 
of a tremendous overvoltage (approx. 18.5 V) This 
obstruction phenomenon occurred at 3. A to 3>.5 V. 

7. The most rapid change in current with potential occurs 
in the middle concentration range, 5N to 20N 
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1 ? , W ntor Vapot l^',le-CLrolvsls on F latimim Electrode‘s with an A<:ic1 Gc]. 

ElecLrolyte . 

Piiev/ious Htuditv3 of water vapor electrolysis on platuium 
electrodes with acid gei electrolyte have produced conti adiccory { 

conclusions regarding the characteristics of the electrode processes, 

'Ihvee studies address themselves to the problem above. These are by 
Connor et.al (14), Clifford et.al, (13), and Bloom (8), These studies 

are discussed separately below. 

1, " Design and Development of a Watei Vapor Electrolysis 

Unit " by W. J. Conner et.al (14). 

Conner’s report give experimental information on cell operation 
with liquid electrolyte and with an acid impregnated gel electrolyte 
matrix. 

Polarization data taken in the Ilqtid electrolyte are presented 
in Figure i 2 A normal hydrogen elect rede i,:. th 6 1 K was the 

reference cell. There are several questionable aspects cf the relia- 
bility of these data First, of ail, Connor notes a hysteresis in the 
anodic and cathodic sweeps and a difference in polaclzaticn values when 
the system is left idle. These are typical ".symptoms" of the afore- 
mentioned ir reproducibility of oxygen elec trade overvoltage data j-t is 
apparent that Connor did nor sufficiently preanodize the system so as 
to tnsure a complete electronically conducting layt-r cf oxygen on the 
electrode surface Moreover, oxygen may have been continually absorbed 
Into the massive Pt during his measurements and neve' have reached 
saturation. 

Secondly, Contior notes that the solutions oi the various 
electrode systems were cl approximately the same ccncentiar ion Previous 
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liguvcfi Indvo shown thnt ovctvoJtngc dnta depend surongXy on the oi.ectro— 
lyte concentration, especially at high concentrations and high current 
densities . 

Finally, although, correction was made for the ohmic, or IR 
loss, no calculations are given or data presented to assure that this 
was done properly. The net polarization is thus attributed to activation 
overvoltage and IR losses. In light of the above factors, the reliability 

of Connor's overvoltage data is suspect. 

Connor investigated the perfomance of the water , vapor _ elec- 
trolysis cell using an immobilized silica gel electrolyte matrix. The 

gel consisted of 10 wt % fine silica‘ and 90 wt % 8.1 M H^SO^, Initial 

2 

cell operating conditions were 1.96 V and 35 mA/cm . After six hours, 

n 

operation was at 2.06 V and 35 mA/cm ; the voltage requirement had 

2 

increased to maintain a current density of 35 mA/cm . The electrode 
material used in these experiments was not specified by Connor; hence, 
comparison with data tor operation with liquid electrolyte is not 
possible. 

Conner states that failure of the gel matrix cell occurred 
because of severe cross-leakage. This cross-leakage resulted from local- 
ized drying and cracking of the matrix. Apparently, the matrix was 
so Immobilizing that water could not creep from wetter areas to drier 
areas 

Finally, separate tests on the silica gel gave a mlxture-to- 
llquid conductivity ratio ot 67% (specific resistance * 4-4 ohm-cm) - 
The gel resistance was measured by a 1000 cp& impedance bridge Connor 

'Cab-o-sil, Cabot Corporation, Boston, Massachusetts. 
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repotted an InHIol fspcciiic tof>.i .-U-anCc ol 11 !> olnn-c.in for tlie gel 
during the coll operations. 

2, " a Water-Vapor lUectrolvsia Cell with Phosphoric Acid 
Electrolyte " by Cllifotd et.al,, (13). 

Cliiiord et.al. alec pericmed experimental wodt on both the 
liquid electrolyte system and the acid gel system. The bulk oi their 
experiments were performed on phosphoric acid systems, Clifford's group 
analyzed the electrode overvoltage in terms of its components in order 
to determine the dominant sources of overvoltage. 

A current-interruption technique (77) was used whereby voltage- 
time curves were obtained. The variations in the slopes of the curves 
determined the magnitude or the various components of the cell over- 
voltage. 

Ihe working electrode was a platinized platinum sheet and 
overvoltage data were recorded versus an autogeneous hydrogen electrode. 
No mention was made oi correction tor the liquid-liquid potential 
between the reference electrode and che test solution. This could 
introduce serious error. The curienc-inteiiuptlon technique yielded 
values of ohmic losses which agreed well with calculated values using 
a specitlc conductivity of 0.105 ohm ^-cm ^ for 83% 

A component overvoltage analysts is giver in Table 4 tor both 
the iree-lxquid and ilquid-mati ix ceil.'i Clearly, the most Interesting 
aspect of Table 4 is the magnitude of anodic concentration polarization: 
1.09 to 1.18 V. All previous Indications would point to no concentration 
overvoltage at all or very little at most; nevertheless, Clifford et ai 
have interpreted their data to say that the major component of che over- 
voltage is concentration overvoltage A simple experiment oi changing 
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the rfil .0 of Rl i.rr ln}', wouJd have told tluin inr.i iRhtaway if their ana.ly.sJR 
was correct. Moreover, the value of- concentration overuoltitRc was higher 
in the frcG-iiouid cell than in the immobtiized i tqiild-matr i x cell I This 
means that it is easier for the water to diffuse to the electrode surface 
In the gel than in the free liquid. This seems extremely unlikely. 

The above discussion pertained to a phosphoric acid elec- 
trolyte; Clifford et.al. arrived at identical conclusions for over- 
voltage data on a free-liquid sulfuric acid electrolyte (50 and 7 7 wt.. % 
concentrations) . 

During extended operational testing of the water vapor elec- 
trolysis cell, current-voltage data were recorded. Since the cell had 
been operating for more than 1000 hours, it can be safely assumed that 
the cell was more than sufficiently pre-anodlzed. Therefore, the data 
can safely be considered to be tepodueible. These data are presented 
In fig. 13, with Clifford's component overvoltage breakdown. The IR 
loss was not calculated. Instead, a value for specific resistance was 
selected by which the straight dotted line could be obtained. 

Note that despite the existence of a straight dotted line, 
Clifford still analyzed the overvoltage components as being almost 
entirely ccncentration overvoltage (1-05 V) and practically no activation 
overvoltage (.04V). In other words, a Tafel plot is obtained clearly 
indicating a charge transfer controlled system, yet Clifford interprets 
this as mas.« transfer control. Furthermore, no limiting current h^s 
been reached. Clearly, the analysis of Clifford et.al must be incorrect. 

Finally, this author (net Cliftoed) calculated an exchange 
•current density, io , of 1.1 x iO'^ A/cm^ from an extrapolation of the 
straight dotted line of Fig. 13- This value of 1. is in good agreement 
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with the data of Kaganovich.. Similarly, the semi- log slope of 1) 0.196 

(a = 0.40) Is in reasonably good agreement with other oxygen electrode 
Tafel slopes. Both of these findings support an activation controlled 
electrode process. 

3 . ' ' Cycled Operation of a Mater Vapor Electrolysis Cell” 

by A, M. Bloom (8) . 

Bloom's investigation dealt mainly with cycled operation of 
the water vapor electrolysis cell, i.e, turning the cell on and off. He 
also treated theoretically the topic of concentration poiarization. The 
experimental work of Bloom is presented below. 

All experimental results were performed on bright platinum 
screen electrodes and platinum- tantulum screen electrodes in a sulfuric 
acid sicila gel electrolyte. Water was constantly added to the system 
via a humid air stream passing over the silica gel. The gel consisted of 
10% by weight fine silica and 90% by weight 8.1 in H^SO^. Gas cross- 
leakage between the anode and cathode was prevented by a microporous 
PVC membrane' insetted in the electrolyte. Steady state operation was 
carried out at 2.60 V and .92 amps fot the bright platinum and 2,20 V 
and 1.00 amps for the platinum- tantulum. Voltage measurements were only 
good to within ± 50 mV. Current efficiency was determined from the rate 
of hydrogen collection. Bloom made the following observations and 
conclusions : 

1. The Pt-Ta electrodes were unsuitable for long operation 
because of deterioration of the electrode. 

2. ' Bright platinum electrodes have a considerably higher 


’ Synpot , 


Electic Storage Battery, 'ifarldley. Pa. 


overvoltage (approx. 0.3 to 0.4 V) than the platlnum- 
tantulum. 

Proper cyclic operation was found to decrease specific 
power consumption. 

Both "on" and "off" times were found to have optimal 
values, i, e. 5 minutes "on", and 5 seconds "off" for 
the bright platinum electrode. This caused a 12.9% 
decrease in specific power consumption (see Table 5). 
"Off" times were followed by a current surge (sometimes 
greater than 5 amps) at the beginning of the "on" times. 
Spurts of excess water into the system caused a sudden 
rise in cell current which required considerable time 
(e.g. two hours) to dissipate. 

Doubling the humid air supply flow rate (from 25 to 50 
cc/sec) caused a decrease in specific power consumption 
(from 12.7 to 17.6%). 

Specific power consumption increased as "on" time goes 
toward zero. This results from the reduction (or "fuel 
cell") reaction which occurs while an adsorbed layer of 
oxygen (and hydrogen) is still present on the electrode. 
This layer is gradually stripped as the cell is "off" or 
grounded. 

Pt-Ta and bright platinum electrodes exhibited opposite 
tendencies in specific power consumption characteristics 
near zero "off" time. This was attributed to differences 
in specific surface area of the two electrodes. 

Current efficiency measurements assured that the elec- 
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Tab 

CYCLIC OPERATION P 
Cells No. 3 through 8, 


Cell ON^ OFF^ N^ Work^ 
No. (min) (see) (watt-sac] 


3 

3 

1.5 

10 

1242 


4 


19 

1104 


5 


8 

1075 


6 


12 

1107 


7 


8 

1162 

4 

2 

5 

6 

1034 


3 


6 

1023 


4 


7 

1005 


5 


14 

988 


6 


10 

1004 


7 


4 

1013 

5 

5 

0.5 

11 

1054 



3 

9 

1013 

6 


10 

4 

1140 

6 

3 

7 

4 

1076 

7 

3 


12 

1064 

6 

5 


3 

1026 

6 

7 


6 

1050 

7 

7 


12 

1021 

7 

9 


6 

1032 

8 

5 

5 

5 

976 


5 



Table 5 (Concluded) 


^"ON" cycle time. 

^"OFF" cycle time. 

3 

Number of measurements. 

^Ave. measured electrical work to produce 50 standard cc 

^Estimate of maximum error in measurement to 95 percent confidence, 
assuming data follow t-dlstribution, 

^Hydrogen collection system efficiency 

^Average electrical work corrected for collection efficiency. 

^Percent improvement in power consumption efficiency, related to 
steady state power consumption of 1120 watt-sec for production of 
50 standard cm3H2 at 2,60 V. 
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t. i:c)iyMK ot w.ateL waa Llie only roaction occurring. 

Tiie previous studies of. Kaganovicli OL. al. (50) and El lino v and 
Istgaryshev (23) give sufiiclent evidence to doubt tbe reliability of 
point 10. If H„S_0o and H-S^O, are produced in Bloom's electrochemical 

4 4 0 4 4 J 

cell the proper amount (i.e.'' 100%) of hydrogen will still be produced, 
but less oxygen will be evolved as 0 ^. 

Bloom, himself, admits that his conclusion of point 9 is very 
tenuous. He cites "incomplete data" and a decomposing electrode surface 
as the prime sources for his skepticism. In the final conclusions of his 
report he is only willing to state that "incomplete data showed measured 
efficiency increases of up to ten percent" and that "it is believed that 
cyclic operation efficiency Improvement will be observed with any elec- 
trode displaying oxygen overvoltage." Bloom is unwilling to make 
specific statements about the nature of this improvement in his final 
presentation of results, although he has made such tenuous claims in 
the body of his discussions. Similarly, point 7, the effect of air ilow 
rate, is cuestlonable. Only six measurements were taken to make this 
startling conclusion. No further investigation of this matter was under- 
taken by Bloom. Furthermore, evaluation of the significance of the air 
flow effect is the comparison of Increases in efticlency Bloom cites a 
17.6% Increase in efficiency due to a doubling of air flow rate as 
compared to a 12.7% increase due to normal air flow rate (and optimum 
cycling parameters). Tbe tendency here Is to compare 17.6% to 12-7% and 
cite a 40% improvement due to doubling air flow rate, by the ratio of 
17-6 te 12.7. This is a tempting, but incorrect, approach. The actual 
improvement is the ratio of 117.6% to 112.7% or a 4.3%. A 4-3% 
improvement due a doubling of air flow rate is not as startling as a 
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WX improvement. Ab for the reason for this improvement, Bloom stateo 
that what "caused the efficiency increase is not understood." He then 
states that the "increased supply of feed water, causing electrolyte 
dilution, was apparently the reason for the performance increase with 
increased feed air flow rate." In light of investigations presented 
above and given the finite amount of electrolyte in Bloom's cell, it is 
probably true that any increase in cell current improvement from 
Increased air flow resulted from electrolyte dilution and larger currents 
in general. This ties in well with point 6, i.e. that increased currents 
were observed with attendant spurts of water into the system. This is 
still more credible when one Is considering a 4% improvement and not a 
40% improvement. Further discussion of this point is given later in 
this thesis. 

Bloom offers no explanation for 3, 5 and 6. He does point 
out that IR loss is decreased as water is adsorbed because the resist- 
ance of the gel decreases with increasing water content. However, it 
hardly seems likely that the small change which occurs In the IR loss in 
5 seconds could cause a 12.9% decrease in specific power consumption 
over 5 minutes (300 seconds). Engel (24) has hypothesized some sort of 
"electrode regeneration" and Bloom has simply stated he does not know 
what causes improved behavior of the electrolysis cell with cyclic 
operation. 

Finally, Bloom's theoretical investigation of concentration 
overvoltage leads to the conclusion that concentration overvoltage is 
negligible. This is in direct conflict with the experimental analysis 


of Clifford et.al. (13). 
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The critical equations iit Bloom's analysis are Riven below: 

K - - In (1.0 - i/i, ) [63] 

c nl' o 

and 

i, » nFDC, /6. 16^1 

L b 

Ifliere E is the coitcentration. overvoltage, 1 is the limiting current 
density, D is the diffusivity of the electroactive species in the elec- 
trolyte, C is the concentration of the- electroactive species in the 
bulk solution, and 6 is the thickness of the Nernst diffusion layer 
(see "Theory" section). In particular Bloom investigated the diffusion 
of 11^ ions to the cathode surface to form H 2 . The calculated value for 

E is 0 0002 V i.e. negligible concentration overvoltage. The following 
c ' ’ 

values were used for the variables: 

T - 25“C 
6 = .005 cm 

-5 2 

D = 2. 7 X 10 cm /sec 
i = 0.1 A/cm^ 

2 

These values yield i^ = 24 A/cm and consequently i/i^ is very 

1j 

small and E is very small. The value of the diffusivity which Bloom 
c 

used was that of in 60 wt % H 2 S 0 ^. It is not unreasonable to expect 

that the value of the diffusivity of in an immobilizing silica gel 

matrix could be considerably less than 2.7 x 10 ^ cm /sec. Moreover, for 

the evolution of O 2 , the electroactive species is H 2 O (a much larger 

species than II"^). It is difficult to guess at the teal value of ot 

D + in a silica gel matrix, but it could be orders ot magnitude smaller 

than in the f ree-electrolyte solution. In that case, i^ would be much 

smaller, hence i/i^ would be larger and would be larger. I'/hethec 

or not E would be larger enough to be significiant (e.g. 50 mv) , is 
c 


dlflicult to say. 
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VI. EXPERIMENTAL APPARATUS AND PROCEDURE 
The basic scheme of the experimental work oi this thesis was 
to produce current-voltage data for the water vapor electrolysis system 
which Bloom (8) studied. The experiments themselves were designed to 
provide accurate measurements of ceil current and anode potential on a 
continuous basis. The analysis of such data provided the information 
necessary to solve the problems set forth at the beginning of this work. 
For example, an exponential dependence of cell current on anode potential 
indicates that the anode overvoltage is electron transfer controlled. 

It was impossible to use Bloom' s total experimental system for 
this purpose because of the new requirement of a reference electrode. 

A reference electrode must have an electrolytic connection with the 
working electrode, in this case the oxygen electrode (anode). In Bloom's 
system the electrochemical cell was enclosed in a tight, compact unit. 
There was no way to place a reference electrode inside this unit or to 
make an electrolytic connection, e.g. a salt bridge, with it. 

The new. system which was developed not only had a reference 
electrode but also had more sophisticated electronic monitoring equip- 
ment than Bloom used. The new system also had an essentially infinite 
supply of electrolyte as compared to the finite supply of Bloom's 
system. 

The experimental apparatus and experimental procedure are 
detailed below. 

A. Apparatus . 

The experimental apparatus was designed to duplicate that of 
Bloom (8) wherever possible. The reason for this was that it made 
comparison of the present results with those of Bloom mote meaningful. 
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Tlierp are three hnuic. aytteniR oC appnrnuu!'. which make up the 
total experimental assembly. These arc the controlled humid-air supply 
system, the electrochemical cell, and the controlling and monitoriirg 
electronic eciuipment. Each of these systems is described separately 
below. 

1. Controlled Humid-Air Supply System. 

This is the same system as that used by Bloom (8), The fee' 
air stream was monitored as to its temperature, humidity, and flow rate. 

Since it was known beforehand that temperature has a negligible 
effect on the cell reaction, no great care was taken to control the feed 
air temperature. It was allowed to be at room temperature. Experiments 
were performed during the late summer and the room temperature ranged 
from yS” F to 85” F. The temperature was measured on a precision 
potentiometric-output hygrometer^ to +i'F accuracy. 

The humidity of the feed. air stream was measured by the same 
hygrometer. Control of the humidity was maintained by the apparatus 
shown schematically in Figure 14. Dried compressed air passed through 
two-stage pressure reduction and regulation and entered the humidifica- 
tion section. The air stream was then split, part to be passed through 
a second container filled with calcium chloride particles. The humidified 
and dry air streams were then recombined, forming a mixture whose 
relative humidity depended upon the proportion of the total stream which 
passed through each container. Control of humidity and flow rate was 
effected by the two-stage pressure regulator and needle valves in each 
stream of the humidification system. The humidity was maintained at 50 % 

’Model 15-3001, Hygrodynamics Inc., Silver Spring, Maryland 





relative h’jmidlty + 1%. Within the operating temperature range of the 
experiments, the relative humidity was very Insensitive to temperature 
changes. Bloom (8) noted the occurrence of slugs of water in the air 
supply system. This caused a simultaneous increase in cell current. 
Although Bloom noted the increase in current, he failed to state that 
it was due to the decrease in sulfuric acid concentration. This had the 
attendant effect of decreasing the anode overvoltage, as Efimov and 
Izgaryshev (48) have shown conclusively. No slugs of water in the air 
feed stream occurred during the experimental stages of this work. 

Air flow rate was measured with a rotameter and was held 
constant at 24 cc/sec. at room temperature and atmospheric pressure. 
Variation in air flow rate was + 1 cc/sec. This small variation had a 
negligible effect on the experimental data. 

Finally, no measurements were taken on the pressure of the 
entering or ambient air streams. As with temperature, it was known 
beforehand that minor variations in pressure (in this case pressure 
of O 2 ) had no measurable effect on the experimental data, 

2. Electrochemical Cell . 

The electrochemical cell consisted of a PVC compartment to 
which a platinum screen was secured. Silica gel, Impregnated with 
sulfuric acid, was spread on the platinum screen. A mlcroporous PVC 
membrane covered the silica gel and screen. The entire sandwich of 
platinum screen, silica gel, and membrane was secured in the PVC anode 
compartment by a PVC block clamped tightly to the PVC anode compartment. 
Figure 15 and 16 show the unassembled and assembled units respectively. 
The entire unit was submerged In sulfuric acid. A mercury-merr.urous 
sulfate reference electrode (+0.61 V vs NHE) was attached to the anode 



Figure 15. DISASSEMBLED WATER-VAPOR ELECTROLYSIS CELL. 
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Figure 16. STANDARD CELL, REFERENCE ELECTRODE, AND CATHODE ASSEMBLY. 









assembly. Anoclier platinum acieen, suspeuflea at a variable distance 

from the anode, acted as the cathode 

The anode compartment was a machined block ot PVC which not 
only served to hold the cell anode, but also provided passage for the 
humid air supply. Air entered through the top of the air manifold (anode 
ccmpartment) and flowed over the anode screen and silica gel before pass- 
ing out through the bottom of the air manifold and out a long stainless 
steel tube. The air manifold section was 4.75 cm square by 0.159 cm 
deep. Small supports protruded from the wall of the air manifold. These 
supports kept the anode screen at a fixed distance from the compartment 
wall. Two small holes were provided in the compartment wall so that wire 
leads could be drawn from the screen to the outside of the cell assembly.^ 
These small holes were sealed by clear silicone rubber. 

The anode was a 4-inch by 4~inch 45''mesh bright platinum 
screen.^ The leads from this screen were also platinum wire. The cathode 
screen was gray platinum as supplied by NASA. Its dimensions and type 
were net Investigated, as they were irceltvotit to the experimental data. 

The silica gel consisted of 90% by weight of 8 1 M H^SO^ and 

the remaining 10% dry fine silica.’ 

The silica was preheared to 100" F for a minimum of two days 
prior to mixing with H2SO^, This ensured a true dry weight of silica. 

•The original supply of the cell compartments was obtained from NASA. 
However, these were made of methyl methacrylate. The PVC replicas were 
made by Mictotol Cciporation, State College, Pennsylavnia. 

^Englehaid Industries, 700 Bladr Rodd, Larteret, New Jersey- 

^Cabot Corporation, Boston, Nassschusett: 
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(Bloom (8) pointed out the significant effects of adsorbed water on the 
silica,) The silica gel was applied to the surface of the platinum anode 
screen with a stainless steel spatula. The gel was "pushed" through the 
pores in the screen and the screen was entirely covered by the gel. The 
thickness of the gel was of the order of one millimeter A teflon gasket 
was placed over the edges of the screen and made water-tight with an 
0-ring situated in the PVC compartment. 

The microporous membrane was stored in 8.1 M H2S0^ for a 
minimum of two weeks to use in the cell. This ensured saturation of the 
membrane by the electrolyte. The purpose of the membrane was to prevent 
0 and gas from cross-leaking within the cell. It is assumed that the 
membrane added no additional resistance to the electrochemical cell, as 

it was saturated with electrolyte. 

Since the entire system operated immersed in 8.1 M 
great care was exercised in choosing the materials which made up the 
entire electrochemical cell assembly. Consequently, the cell anode 
compartment and the perforated cover were made of PVC. This was found 
to be entirely resistant to attack by 8.1 M ^280^. Similarly, the 
clamps were made of the same PVC, The entrance and exit tubes and 
fittings were stainless steel which was found to resist attack. Screws 
made of a different type of stainless steel were found to dissolve In 
the acid; therefore, they were covered with silicone grease patter they 
were screwed in the clamps). This prevented further dissolution of the 
screws. The support for the cathode screen was made of teflon. Screws 
for this support were also treated with siii-one grease to prevent 
dissolution. 

Similar care was exercised in choosing a proper reterence 
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electrode. Not only was the corrosiveness of 8.1 M a factor, hut 

the high concentration of sulfuric acid can also result in a liquid- 
liquid junction potential. A mercury-mercurous sulfate reference elec- 
trode with a sleeve junction^ solved both of these problems. First of 
all, the sleeve junction is simply a ground glass joint which is not 
susceptible to corrosive attack. Secondly, the electrolyte of the 
reference electrode was concentrated potassium sulfate. There was, 
therefore, only a minor difierence in the activities of the electrolyte 
of the cell and the electrolyte of the reference electrode (i.e. both 
were concentrated sulfate ion). Hence, there was no measurable liquid- 

liquid junction potential. 

3, Electrochemical Measurement and Contro l. 

The overall experimental system is shown schematically in 
Figure 17. This system was a simple potentiostat with current measure- 
ment. The voltage control was a direct variable voltage source^ and 
controlled the voltage drop across the anode and cathode. The cell 
current was measured on a standard ammeter. The other piece or equip- 
ment was a high impedance digital voltmeter^ which measured the voltage 
drop between the anode and the reference electrode. 

Although the variable voltage source contained its own volt- 
meter and ammeter, these meters were not used. The ammeter only had an 
accuracy of + 0.2 amps. Moreover, the voltmeter gave only the potential 
difference between the anode and cathode. Since the cathode did not have 
a fixed potential, this could not be used to measure the anode uorential. 

^Beckman Instruments, Pittsbutg, Pennsyiavnia. 

^Kepro, 0-8V, Model CK8-5M. 

^Honeywell "Digitest", Model 333. 

t 
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Therefore, the voltage source was only used to adjust the potential 
difference between the anode and the reference electrode. The digital 
voltmeter which measured this potential drop was accurate to + 10 mV. 

In practice, the potential difference between the anode and 
the reference electrode was set at some initial potential. This was 
either 1.16 V or 2.00 V, depending on the direction the potential was 
to be changed. The potential difference was changed by 20 mV for each 
data point. After each potential step the current was recorded. After 
approximately 15 seconds the potential was changed again, and the current 
was recorded within ten seconds after the step change. Each step change 
in potential required about fifteen seconds to attain a new stable 
potential. A sequence of increasing potentials was followed, without 
pause, by a sequence of decreasing potentials. Potentials were scanned 
between 1.16 V and 2.00 V against the mercury-mercurous sulfate electrode 
(MMSE) (+0.61 V). This range was chosen because oxygen evolution gener- 
ally does not occur below 1.8 V versus NHE, and 2.6 V versus NHE was the 

maximum operating voltage used by Bloom. 

Current was recorded with an accuracy of + 3%. The largest 
part of any inaccuracy was due to minor fluctuations in the current at 
a particular current level. This was especially noticeable at the higher 
currents. Currents were recorded in a range of 0.1mA to lA. 

B. General Procedure . 

Two reliable sets of current -volt age data were required. One 
set of experiments was performed on the electrochemical cell as described 
above. The second set was carried out on the "f ree-electrolyte , i.e. 
in 8.1 M sulfuric acid solution only, This was necessary for comparison 
with a reference system. Tha same procedure was used in varying the 


potential in both cases. In the free electrolyte, the anode and cathode 
screens were suspended at a known distance from each otlier. The reference 
electrode (MMSE) was placed between the two platinum screen electrodes. 

The distance between the electrodes was measured with a ruler 
to + 0,25 cm. This information was required to calculate the cell IR 
drop. Although the distance between electrodes varied between experi- 
mental data sets, the usual distance was approximately 2.5 cm. 

The information obtained from experiments on the free elec- 
trolyte turned out to be very important to the conclusions of this 
thesis. 

C. Automatic Potential and Current Control . 

At this point it should be pointed out that a considerable 
amount of effort went into development of another experimental system 
which has not been discussed thus far. The reason for the lack of 
discussion about it is that the system turned out to be unworkable. A 
Heath polarograph was purchased for current and potential measurement. 
This device had the capability of very accurate potential sweep control, 
i.e. varying the applied potential at a known constant rate. A sophisti- 
cated dual channel linear recording device was attached to the Heath 
polarograph for current and potential recording. Preliminary experiments 
were performed with this apparatus on known electrochemical systems, 
e.g. the fertocyanide-f erricyanide redox couple. These experiments were 
performed in order to familiarize this author with polaiogtaphlc tech- 
niques. It was also desirable to reproduce a known electrochemical 
system to assure that the apparatus was functioning properly. The par- 
ticular experiments that were performed were measurements of halt-wave 
potentials. In general, for a given redox system in which both the 


85 


reduced and oxidized forms are soluble the potential cor responding to 
one half the limiting current has a characteristic value. The experi- 
ments performed on known systems were very successful. The half wave 
potentials found experimentally agreed well with literature values. The 
working electrode in these experiments was a rotating platinum drop 
electrode and the reference electrode was.a raercuty-mercurous sulfate 
electrode. These experiments were successful in acquainting this author 
with polarographic technique. 

The reason. why- this apparatus was not used for the experimental 
work in studying the water vapor electrolysis reaction was that the maxi- 
mum current attainable on the Heath polarograph was one milllamp. Since 
the currents of the water vapor electrolysis cell are roughly about one 
amp) the apparatus was unsuitable as it was purchased. Considerable 
effort was made by the electronics group of the Department of Chemistry 
of the Pennsylvania State University to adjust the current measurement 
range to two amps. These attempts proved unsuccessful, hence the auto- 
matic current-potential apparatus was not used. A manual set up, as 
described previously, was assembled. This information is presented here 
so that others might not make the same mistake. 
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VII. RESULTS AND DISCUSSION OF RESULTS 
This section is organized in a format such that the experi- 
mental results are first presented, then analyzed from an experimental 
viewpoint. This is followed by a discussion of the physical and electro- 
chemical implications of these experimental results, i.e. what were the. 
real electrochemical phenomena which caused the observed results, and 
how could these phenomena also explain the experimental results of 
others, especially Bloom’s (69) cycling experiments. 

Several "theories" are proposed in order to explain the 
experimental results. The argumentative approach adopted to evaluate 
these theories is to 1) assume that a particular theory is correct, 

2) find evidence which supports that particular theory, 3) find 
evidence which negates that particular theory, and 4) weigh and evaluate 
the various evidence to arrive at whatever conclusions are possible for 
a particular theory. 

A. Experimental Results and Discussion . 

The experimental results are presented graphically in Figures 
18-24. Figures 18 and 19 are the results of current-voltage experi- 
ments on the "free electrolyte" cell. This cell, as described in the 
apparatus section, consists of a bright platinum screen anode in 
8.1M H2S0^ electrolyte solution. The electrochemical reaction is the 
electrolysis of water into oxygen gas and hydrogen gas. The "free 
electrolyte" results serve as the "base case", i.e. this is the behavior 
one would expect without any complicating factors. 

Figures 20, 21, and 22 present the results of the same experi- 
ments on a standard cell. The standard cell, as described in the 
apparatus section, consists of the same anode, but in a 8 IM H^SO^ silica 










Figure 19. "FREE ELECTROLYTE" TAFEL PLOT, #2 AND #3 





Figure 20, STj\NDARD CELL TAFEL PLOT, )/l AND if 2 












Figure 23. COMPARISON OF DIFFERENT STANDARD CELLS 



Figi^re 24. COMPARISON OF STANDARD CELL AND "FREE ELECTROLYTE 
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gel electrolyte. 'MUf cell operates with humic air at room temperature 
and pressure f], owing over the gel and anode screen* Figure 23 is a 
comparison of two different standard cell current-voltage curves. 

Figure 24 is a comparison of the results of the standard cell 
and the "free electrolyte" cell. It is this comparison which is the 
most significant aspect of the experimental work. 

All figures are semi- logarithmic plots of current density 
versus anede potential. These are the usual Tafel graphs, voltage being 
the linear coordinate and current density the logarithmic coordinate. 

1. " Free Electrolyte" Results . 

Figure 18 is a downward scan of potential between 2.00 V and 
1.12 versus the reference electrode.^ The actual results are the 
solid line; the dashed line represents the IR-corrected results. The 
correction was made by subtracting the IR loss from the measured 
potential difference. The value of the XR loss was calculated using 
a specific resistance of 1.91 ohm cm (72) for 55 weight per cent sulfuric 
acid at 25®C, an interelectrode distance of 2.0 to 2.5 cm, and an elec- 
trode surface area of 61.9 cm . A sample calulatlon is given in the 
Appendix. 

A straight line can be readily drawn with a Tafel slope of 

-9 2 

0.163 and an intercept at E* = 1.23 V versus NHE of 9.5 x 10 A/cm . 

This intercept is the exchange current density, i.. . These values of 
the Tafel slope and exchange current density agree well with litera- 
ture values of 0.14 and 10“^ to lo"^® A/cm^, respectively (9, 41, 42) 
for the anodic evolution of oxygen. Exact literature values of the 

‘The reference electrode was a me rcuty-mercurous sulfate electrode (MllSE) 
with a constant pctential of + 0 61 V vetsus the normal hydrogen elec- 
trode (NHE). The potential of the normal hydrogen electrode is 0,0 V 
by convention. 
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Tafel. slope and lo do not exist due to wide variation in experimental 
conditions. Coupled with visual observations of the evolution ol gases 
at the anode and cathode, the experimental results mark the electro- 
chemical reaction unmistakably as the electrolysis o£ water. 

The existence of a straight line o£ the log i-E plot denotes 
that the electrochemical reaction is activation controlled , l,e. the 
slowest step in the evolution of 0^ under these experimental conditions 
is the transfer of an electron at the anode surface. This is an expected 
result ( 41, 42). 

Figure 19 gives results of an upward voltage scan followed by 

a downward scan. Two Tafel lines are observed, with equal slopes ot 
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0.17. The upward scan has an exchange current density of 7 x 10 A/cm ; 

"8 2 

the downward scan’s ia is 1.5 x 10 A/ cm . 

The upward scan produces higher current densities than the 
downward scan. This behavior is exactly opposite to what Is expected (9) , 
namely, during the upward scan, an electronically conducting monolayer 
of oxygen is being built up. During the downward scan, therefore, this 
layer should already exist, hence the current should be higher. Un- 
doubtedly, the oxygen layer is being built up during the upward voltage 
scan However, its effect is small compared to the other considerations 
of the experimental technique. In particular, the time between current 
measurement and voltage adjustment is an important factor. In practice, 
it was observed that an increase in the voltage gave an initial rise in 
current which gradually decreased - In order to maintain a consistent 
basis for obtaining data, a set procedure had to be established. This 
assured obtaining continuous or "smooth" data. Time was not available 
to follow some of the elaborate techniques given in the literature (.23, 
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29, 50, 51) to obtain nxact current-voltage data. 

The problem of developing a standard technique for data takiirg 
is very common with the oxygen electrode (9). Varying techniques were 
often used in the early studies of the oxygen e.ectrode. Many times the 
exact technique was not described accurately. The consequence of this 
was irreproducibility of data. With this in mind, the data taking 
procedure of these experiments is exactly specified in the apparatus 
section. Moreover, it should be recognized that the exact current- 
voltage curves were not necessary for solution of the thesis problem, 
i.e. the nature of the type of oxygen overvoltage at the anode can be 

determined without exact data. 

The difference in the upward and downward scans is actually 

due to a certain amount of "overshoot" from changing the potential and 
recording the current at a fixed time (30 seconds) after the change. 

The same argument applies to both the downward scan and the upward scan; 
however, in practice, the downward scan was much more stable. Stability, 
here, is defined as the rate at which the current responded to a voltage 
change. So, even though the current density values ior the upward scan 
are higher, the results of the downward scan are more reliable. This is 
further supported as 1^ for the downward scan is closer to the literature 
values than is the ic for the upward scan. (The same behavior is 
present in experiments with the standard cell, i.e. in all cases, the 
upward scan produced higher currents. The same explanation for this 
phenomenon applies to the standard cell as to the "free electrolyte 

cell.) 

The exact comparison of Tatel slopes and l; 's with literature 
values is very difficult, as noted earlier. In particular, experimental 


conditions as given in the literature are generally controlled much more 
rigorously than was feasible* or even desirable, for these experiments. 

An example of the extreme in control of experimental conditions is that 
of Kheifets and Rivlln (52). These authors used twice distilled water 
for preparation of the sulfuric acid solution. The sulfuric acid was 
chemically pure, distilled twice, and only the middle fraction of the 
final distillation was used. All apparatus was made of glass. The 
temperature was controlled to + 0.1“ C. Preanodization was carried out 
for 10-15 days to ensure a stable, constant oxygen layer on the anode. 

In contrast to these conditions, the experiments of this work were per- 
formed in a cell open to the air; preanodization was 25 minutes; singly 
distilled water was used with stockroom (98.5% by weight). Con- 

tamination of the solution and the electrode surface was inevitable. 
However, when one considers the ultimate use of the water electrolysis 
cell, the lack of purity of experimental conditions is easily justified. 
The actual cell in space cabin operation will be operating on alt which 
contains water vapor exhaled by the cabin’s occupants. This is certainly 
not a pure system. Therefore, experimental tests were performed without 
strict regard for system purity. The excellent agreement of experimental 
results with literature values shows that system purity was a minor 
experimental factor; this was most likely due to the large electrode area 
61.9 cm^, which would "average out" any impurity effects. 

Finally, with regard to the "free electrolyte" cell results, 
one notes that IR losses only become significant at a current density 
above IC"^ A/cm^ or 700 mA. Minor errors in calculation result from the 
inaccuracy of the measurement of the distance between che anode and 
cathode. In general, a distance of 2.5 cm was used The actual cell 


- 98 - 


in spaceship operation has a design anode-cathode separation of approxi- 
mately 0.1 cm. This small separation gives a negligible IR loss, and 
only a very dry electrolyte could cause a measurable IR loss. However, 

as will be demonstrated later, a dry electrolyte has more serious ^ 

consequences than an increased IR loss. Therefore, in the actual cell, 

IR losses do not constitute a significant portion of cell overvoltage. 

tf--' 

2. Standard Cell Results . 

The results of experiments performed on the standard cell 
apparatus are presented In Figures 20 to 22. There was no need to 
correct these curves for IR loss because the current was never high 
enough (approximately one amp) for IR loss to have a significant effect 
(greater than 10 mV) . 

Two features of these results are immediately evident: 

1. A difference in the current-voltage curves of the upward 
and downward voltage scans. 

2. A linear semi-log region and a non-linear, sharply 
increasing high-voltage region. 

The difference between the upward and downward scan results 
is due to experimental technique as described in the discussion of the 
free electrolyte. 

The second evident feature, namely the existence of two regions 
of the current-voltage curve, is unexpected. The initial linear semi-log 

region has the typical oxygen evolution parameters. Slopes range from 
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0.15 to 0.177; exchange current densities range from 8.5 x 10 to 
9,2 X lO”^^. These are in good agreement with the literature values tot 
anodic oxygen evolution. 

There is no reason, a priori, to expect the non-linear semi-log 

t 
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ref’ion of ulic cuirent-voltage curves. This region begins at current 

Q / 

densities between 10“ and 10“ A/cm . It is characterized by an In- 
creasingly steep rise in voltage with respect to current density. 

i 

There is one significant feature of the standard cell current- 
voltage curves which is not readily apparent. The magnitude ot the 
current densities at hlgh^ potentials varied significantly among the 
standard cells . In other words, the characteristics of the non-linear 
semi- log region vary widely among the various standard cell assemblies. 

For example, at a potential of 2.61 V vs NHE the current density is 
1.3 X lO”^ A/cm^ in one ease and 3. 6 x 10 ^ A/cm^ in another. Similarly, 
the deviation from linear semi-log behavior begins at significantly 
different current densities. 

The explanation of this non-linear section of the standard 
cell's Tafel plots is the heart of the discussion section of this work 
Such an explanation it pursued below in the comparison of results ot 
the "free electrolyte" cell and the standard cell. 

3. Comparison of "Free Electrolyte" Results and Standard 

Cell Results . 

Figure 24 is a comparison of the downward scan current-voltage 

curves of the "free electrolyte" cell and the standard cell The "free 

electrolyte" cell displays a linear Tafel plot which is explained above. 

The standard cell has a linear Tafel region and a non-linear region. The. 

standard cell current-voltage curve is essentially the same as that of 
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the "free electrolyte" cell at lower current densities (10 to 10 A/cm ) 

but diverges at higher current densities. The standard cell ?h :ws 
lo'aet current densities at the same voltage than that of the free elec- 
trolyte". Moreover, the divergence increases with increasing current 
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clensitieK (or Increasing voltages). I’or example, at an anode potential 

of 2.13 volts vs NllE the free electrolyte current density is 

A 2 

1,30 X 10"^A/cm^ and that of the standard cell is 5.6 x 10 A/cm , 
while at an anode potential of 2.33 V vs NHE the free electrolyte current 
density is 1.85 x IC"^ A/cm^ and that of the standard ceil is 
2.10 X lO”^ A/cm^. 

One notices that the current-voltage curves of both cells 
are not identical at lower current densities. The difference is very 
minor and is due to different anode pretreatment conditions. Although 
all cells were operated with 25 minutes of preanodization at approxi- 
mately 0.8 amps, other preanodization conditions effected minor differ- 
ences in the Tafel slopes and intercepts. For example, the standard 
cell apparatus was disassembled after a set of data had been obtained, 
which caused the anode to be removed from the sulfuric acid solution for 
a time. This had a minor effect on the nature of the platinum surface; 
consequently, a minor difference in the Tafel slope and intercept Is 
observed. 

At this point it is beneficial to briefly summarize the 
experimental results of this work, before interpreting them. These 

results can be listed as follows; 

1. The "free electrolyte" exhibits Tafel behavior throughout 
the current density range investigated, when the results 
are corrected from IR losses. 
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2. The standard cell follows Tafel behavior below LO to 
10 ^ A/cm^ and then deviates from the linearity of the 
semi-lot plot. This deviation is toward lower current den- 
sities than the "free electrolyte" cell exhibits at a given 


potential.. 

3. The standard cells exhibit significantly different be- 
havior in the non-linear portion oi the semi-log current- 
voltage plots. 

B. Physical and Electrochemical Implications of Experimental Results - 

Why does the standard cell behave as described above? Appar- 
ently, the sole limiting step in the electrochemical process is not 
electron transfer at the anode surface, because the standard cell does 
not exhibit Tafel behavior at all potentials investigated. There are 
several possible reasons which might explain the aforementioned phenomena. 
The possibilities are; 

1. Concentration polarization. 

2. IR losses. 

3. Adsorption. 

4. Absorption of water. 

5. Surface coverage by oxygen. 

It if important to be certain that any explanation covers not 
only the experimental results of this work but also the findings of 
previous studies, especially those of Bloom (8). In particular, any 
explanation or "theory" must take into account the po.sitive effects 
which resulted from cycling Bloom's standard cell. 

Each of the abeve possibilities is discussed in detail below 
by 1) assuming the theory is correct, 2) presenting evidence to support 
the theory, 3) presenting evidence to negate the theory, and, 4) evaluat- 
ing the theory by weigning the evidence. 

1. Concentration Polarization . 

The possibility and likelihood of concentration polarization at 
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l,l>o anode has bean d.tscii88cci above i.n "l.iteramre Searen" aact.ton. In 
part.i.cu.l.ar , Bloom (8) &ives an approximate mathematical approach to nijow 
that concentration polarization is negligible. This author has already 
pointed out in the "Literature Search" section that one of Bloom's assump- 
tions is possibly incorrect, namely that the dlffusivity of 11 in a 
silica gel matrix could be considerably different from its dlffusivity 
in sulfuric acid. Because of this- possible error, Bloom's conclusion 
that negligible concentration polarization exists is suspect. 

Clifford et.al. (13) claim that there is strong concentration 
polarization. They present data, which, when corrected for IR loss, 
strongly negate their claim. Clifford gives a Tafel plot with a slope 
and intercept which agree well with the literature values for the anodic 
evolution of oxygen; yet, he does not recognize this and still claims 
concentration polarization to be the major component of anode overvoltage. 
His data clearly support electron transfer control. One must conclude 
that he has misinterpreted his results. This has also been discussed in 
the "Literature Search" section. 

Suppose that concentration polarization does indeed exist in the 
experiments presented in this work and in Bloom's work. Then concentra- 
tion polarization must explain the following phenomena: 

1. Current densities are lower than expected. 

2. There is improvement of the electrochemical system after 
it has been turned off for five seconds. 

As the anode potential increases from 1.7 V vs NHE toward 
higher potentials, electrochemical kinetics dictate that oxygen must be 
evolved faster and faster. The higher the voltage, the higher is the 
current and evolution of oxygen. This requites, also, that a given 
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waUer molecule muct bo able to dil. f.uae to the anode as rapidly as it 
reacts at the surface. If the diffusion process is alow compared to the 
rate of reaction, the current will be limited by the rate of diffusion. 

This rate will necessarily be slower than the electrokinetic process, 
and hence a lower current is obtained. This agrees with the experimental 
results of this work. 

Consider now the second point, that of improvement of cell con- 
ditions by turning the cell off. Suppose that Bloom's cell is operating 
and a concentration gradient of water exists near the surface of the 
electrode. What happens when the cell is turned off? The diffusion 
process continues, independent of whether or not the cell is connected 
or disconnected; the diffusion process occurs in a direction so as to 
relieve the concentration gradient. More water molecules become 
available at the surface. When the cell is reconnected the initial 
current is higher due to the presence of more water molecules at the 
anode surface. This agrees with Bloom's expeiitnental results. 

Conceivably, then, concentration can be seen to explain the 
observed phenomena. However, closer consideration of what should 
actually occur if concentration polarization were the controlling 
factor leads to some further hypotheses. First of all, if diffusion 
controls the rate of reaction (i.e. current.), then the current must reach 
a constant or limiting value (see "Theory" section). As the water 
diffuses toward the surface, its rate depends only on the physical 
properties of the system, not the anode potential. As the potential is 
increased, the reaction rate can only be as great as the rate cf diffusion 
of water molecules to the anode surface. This depends solely on the 
diffusion coefficient and mixing effects, which are not functions of the 


poientia]., Kn limiting curKeut was over reache.i in Uiese experiments; 
the potential was increased as high as 3 volts vs NHR. Although the 
standard cell current-voltage plots seem to approach a limiting current, 
one must realize that these are semi-log plots; on linear coordinates, 
no semblance of a limiting current is approached. 

Secondly, consider the relieving of concentration "stresses" 
which would occur while the cell is disconnected. The diffusion of 
water molecules to the surface of the electrode must be rapid enough so 
that significant improvement of the power characteristics occurs in five 
seconds. Clearly, creation of a diffusion gradient in five minutes can- 
not be relieved by diffusion in five seconds. 

In light of the above considerations, the existence of signifi- 
cant concentration polarization can safely be discounted. 

2 . IR losses . 

Although IR losses are discussed above, not all aspects of 
this phenomenon have been investigated to this point. In particular, 
in the standard cell experiments of this work, a membrane is present in 
the cell which is not present in the "free electrolyte" cell. Secondly, 
in Bloom's experiments water is absorbed by the gel from the passing air 
stream and this decreases cell resistance. These two points are con- 
sidered separately below. 

Although there is an additional resistance due to the presence 
of the membrane, this was originally assumed to be negligible. The 
membrane was saturated with 8M H^SO^ for two weeks prior its use in 
experiments. Suppose, however, that the membrane does have a large 
resistance. This could account for a decrease in current (compared to 
the "free electrolyte"). This could not account, however, for any 
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iinprovetnent obf.nlned by cycn.itR. Tlie membianu resistance is not a func- 
tion of time; hence, no improvement in current would be expected from 
cyclic operation of the cell. In conclusion, large membrane resastanee 
is not a real possibility in explaining improvement in cell performance 
due to cyclic operation. 

Consider what happens to the gel electrolyte during the off 
cycle of Bloom's experiments. Water is absorbed from the passing humid 
air stream. This has the effect of lowering the resistance of the elec- 
trolyte, hence increasing the current through it once the cell is re 
connected. However, a simple mass balance shows that during the five 
seconds in which the cell is disconnected, the total amount of water in 
the cell increases by less than 0.005% of the original amount. This 
increase in water content is negligible and has no measurable effect on 
the electrolyte resistivity. Another negative eons iderat ion is the 
erratic current behavior at high currents, as observed in the experi- 
ments of this work. A simple IR loss is a smooth, continuous effect. 
Furthermore, one should consider the wide variance in cell behavior 
among standard cells. One could argue that the cells were prepared 
differently in terms of the amount of gel applied and that this could 
account for the IR loss being different among standard cells Bl;om (8), 
however has shown that the amount of silica in the gel (10 weight per 
cent) has very little effect on the resistivity of the electrolyte. 
Therefore, the resistance due to the gel is essentially the same among 
standard cells. Likewise, the membrane resistance is idential from cell 

^This mass balance was performed by using the rate of water absorption 
data of Connor (14) . These data were checked (by Faraday s law) against 
F/loom's steady state current of 0.92 amps. Agreement was found cO be 
within 3%, hence verifying both Connor’s data and Bloom's current niea:^ure- 
ment technique. (See Appendix.) 
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to ceil. Thetefiovc, IK losftfcs eanoct explain the varying behavior of: 
the standard cells. 

With so much evidence against It, IR loss cannot be a real 
possibility in explaining the results of this work and of Bloom's (69) 
work. 

3, Water Absorbtion and Overvoltage Decrease . 

A net amount of water is absorbed by the electrolyte during 
the "off" cycle; this causes a decrease in the concentration of the 
sulfuric acid electrolyte According tc the findings of Kheifets and 
Rivlin (51) and Efimov and Izgaryshev (23), a shift toward a lower 
concentration causes an increase in current. The amount of this shift 
depends on the concentration and the potential. According to the data of 
Efimov and Izgatyshev, (see Figure 11) Bloom’s experiments were performed 
in a very concentration-sensitive range. Hence, a small change in 
sulfuric acid concentration could produce a relatively large change in 
current (at a given potential). However, as pointed out in the argu 
ment against significant IR losses, the amount of water absorbed by the 
gel electrolyte in five seconds is very small compared to the total 
amount of water in the electrolyte. But, there is one further con- 
sideration here. The absorbed water can he considered to exist only at 
the protruding electrode surface In this case, the amount of water 
absorbed must be compared to the total amount of water which exists in 
the Nern s t diffusion layer . If one takes a common value of 0.005 cm as 
the thxckness of the diffusion layer and compares the amount of water 
absorbed tc the volume of the diffusion layer, one finds that the 
change in concentration in the diffusion layer Is only 0 13% (the cal- 
culations are presented in the Append >x). B> examining figure LI, one 
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can see that this composition change has a small efiect on the current. 

A further consideration is that water adsorption could not 
cause the non-linear section of the Tafel plots presented in cnis work. 
Since the experiments of this work were carried out in an essentially 
infinite supply of 8.0 M H^SO^, water adsorption could have had no 
effect on the ejqperiments. The electrode surface "saw" only 8.0 M 
at all times. Hence, it can safely be concluded that water adsorption 
is not a viable explanation of experimental results. 

4. Adsorption . 

The standard cell data of this work bear a definite similarity 
to the data of Efimov and Izgaryshev (see Figure 11). On a current- 
voltage plot a Tafel region is followed by a region of steep slope. The 
data of Efimov and Izgaryshev exhibit another Tafel region after the 
region of steep slope; however, their anode potentials are considerably 
higher in the upper Tafel region than any of the potentials investigated 
in this work. Nevertheless, the question ailses as to whether or not 
the presence of silica gel could act so as to enhance the adsorption 
process. As in previous cases, the discussion continues assuming that 
this is so, i.e. the standard cell results are due to adsorption 
phenomena. 

The first point to be addressed is that of the "jumps" in 
current which are observed at higher current densities. One would not 
ordinarily expect this type of phenomenon in an adsorption process. 
Current-voltage behavior which accompanies ordinary adsorption processes 
is smooth. However, the anodic evolution of oxygen has been shown (23) 
to possess this erratic behavior. Efimov and Izgaryshev explained this 
in the following ways The species which are about to be adsorbed (e.g- 
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sulfate and persulfate ions) are violently disturbed by the oxygen 
bubbles evolved at the surface. Hence, the adsorption of these specied 
is somewhat Irregular. In support of this interpretation, Efimov and 
Izgrayshev cited the improvement due to stirring. They noted a 20-30 mV 
enhancement caused by more continuous adsorption of the sulfate and 
persulfate ions. Hence, the above explanation of Efimov and Izgaryshev 
could account for the unsteady current behavior noted in the experiments 
of this work. 

The most important question to be asked is whether or not this 
proposed adsorption phenomenon can explain the Increased current caused 
by Bloom’s cycling (8). Consider one complete cycle: 

a. The cell is in operation. 

b. The cell is disconnected for approximately five seconds. 

c. The cell is then reconnected. 

Each of these steps in the cycle is discussed separately below. 

a. The cell is in operation: At the anode surface there are 
two competing adsorption processes. The first is the 
adsorption of 0^ and formation of a, monolayer of adsorbed 
oxygen. This process enhances the evolution of oxygen 
and causes an increase in current. The second (proposed) 
adsorption process is that of sulfate and persulfate ions. 
According to the data of Efimov and Izgaryshev (23), this 
decreases the current. The relative rates of adsorption 
of oxygen and sulfate and persulfate ions are unknown, 
b. The cell is disconnected: Evolution of oxygen drops rapid- 

ly. The species which were adsorbed during cell operation 
are subsequently ^sorbed. The oxygen monolayer desorbs; 
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this is deter. imenLal to the evolution of. oxygen. The 
sulfate and persulfate ions desorb; this enchances the 
evolution of oxygen. The relative rates of desorption 
are unknown. 

c. The cell is reconnected. Oxygen evolution begins immedi- 
ately on the anode surface which is present at the end of 
the second process. The initial rate of oxygen evolution 
depends on the nature of the anode surface. If the surface 
of the anode is improved over what it was before the cell 
was disconnected* the initial current will be correspond- 
ingly higher. The converse is also true. Hence, it is 
possible to obtain an Increase in initial current due to 
cycling. Obviously, this depends on the relative rates of 
adsorption and desorption of the various species. 

The "nature" of the anode surface can be described by the 
coverage, 9, of each species. The greater the coverage by adsorbed O 2 , 
the larger the current- The greater the coverage by sulfate and per- 
sulfate Ions, the smaller the current A bare Pt site is better for the 
evolution of O 2 than a site with adsorbed sulfate cr persulfate ions. 

It is worse than a site with an adsorbed 0^ molecule. 

Bloom further notes an optimum "oft" cycle time Can this 
be explained by the above adosorption and desorption processes-' This 
question is equivalent to one which asks if the. relative adsorption 
and desorption rates can be such that the surface reaches an optimum 
state. The answer is clearly yes For example, suppose that when the 
cell is disconnected, sulfate and persulfate Ions desorb rapidly and are 
essentially desorbed after five seconds. Any extenbion ot this "off" 
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time beyond five seconds will be detrimental to the anode surface; 0^ 
will be desorbing and bare Pt sites will be formed. This is not a net 
benefit to the anode surface. Similarly if the "off" time is less than 
five seconds, all the sulfate and persulfate ions will not have desorbed. 
Consequently, current will not be as great as it could be, once the cell 
is reconnected. Therefore, an optimum "off" time of five seconds may 
exist. 

One other point to be considered is the difference in cyclic 
behavior between electrode materials If adsorption processes exist, one 
would expect the specific behavior to be dependent on the type of elec- 
trode material. Adsorption and desorption rates could exist which fit 
the experimental data of both electrode materials which Bloom studied. 

It has now been established that adsorption processes, as 
described above, could account for the important results of this work 
and Bloom's work (8). It must furthermore be established that these 
adsorption processes are consistent with other less important observa- 
tions. 

The most obvious inconsistency lies in a comparison of the 
standard cell current-voltage curves of this work and those of Efimov 
and Izgaryshev. The steep slope of their work begins at current densities 
of 10 ^ A/cm^ whereas this occurs at 10 ^ A/cm in this work. Since 
there was no steep slope in the "free electrolyte" results of this work, 
one must conclude that the proposed adsorption is due to the presence 
silica . However, silica was originally chosen for the water vapor elec- 
trolysis cell because It Is extremely Inert , in fact, commercial silica, 
such as that used in this work, is made by a process using a sulfuric 
acid bath. One would not expect the silica gel used in these experiments 
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to affect the platinum aurface so ap to make it sensitive to adsorption. 

Strong evidence against the proposition cf significant adsorp- 
tion processes is the remarkable variation which was noticed in the 
current-voltage behavior of different standard cells (see Figure 23). 

The example given above is chat at an ancde potential of 2.61 V vs NHE, 
one standard cell had a current density of 1.3 x 10 A/cm and another 
standard cell had a current density of 3.6 V 10 ^ A/cm . This is a 

difference of three hundred percent'. Even if adsorption processes are ^ 

responsible for the standard cell behavior and silica enhances these 

adsorption processes, there should not be such a large difference in 

behavior from cell to ce.-l. The silica gel used in all experiments was 

taken from the same batch. Since the silica gel itself did not differ 

from experiment to experiment, this cannot be responsible for the unusual 

differences noted above. 

5. Oxygen Coverage . 

Thus far, all of the conventional possibilities have been 
shown to be inconsistent with experimental results. Hence one must turn 
to an "unconventional" explanation of the experimental results, ^et, 

It is possible to learn much from the type of arguments presented in the 
discussion of the conventional possibilities. In particular, the argu- 
ments regarding electrode surface coverage are attractive. 

A fundamental difference between the standard ceil and the 
"free electrolye" cell is the presence of a thick, viscous electrolyte 
covering the mode. It is possible, therefore, that evolved oxygen will 
have difficulty in escaping from the electrolyte In fs:t, it is 
possible that an evolved oxygen bubble could remain on the surface of 
the electrode until conditions are such that it will escape 11 bubbles 

* 
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do remain on the surface, then the area available for electrochemical 
reaction is decreased. Consequently, the cell current is less and 
current density based on the total cell area is also decreased. In 
other words, the explanation being proposed here is this: Because of 

the presence of a thick, visccua electrolyte on the surface of the elec- 
trode, evolved oxygen bubbles are trapped on the anode surface. This 
decreases the area available for electrolysis, Further implications of 
this "theory" are explored below. 

Consider how the above argument applies to the results of this 
work. First of all, the difference between the "free electrolyte" be- 
havior and standard cell behavior is most pronounced at higher currents. 
One might expect that, if oxygen is trapped on the. surface, the amount 
of electrode surface covered by gaseous 0^ would increase with increasing 
oxygen evolution. This is precisely what is found, i.e. the higher the 
current the more pronounced is the surface coverage effect. Consequently, 
the current density characteristics of the standard cell deviate most 
from the "free electrolyte" behavior at higher currents. 

The most natural question at this point is, "Why doesn’t this 
deviating behavior show up at even lower current densities?" There are 
two possible answers; 1) The rate of oxygen evolution is so small at low 
current densities that essentially no measurable surface coverage is 
observed, and 2) the evolved bubbles might be so small that they easily 
find a path away from the electrode surface. 

The proposition of bubble entrapment is attractive from the 
standpoint of explaining the high degree of current "jumps" or unsteadi- 
ness at high currents. One would expect that if a large bubble breaks 
loose from the surface, there would be a small but rapid rise in the 
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Bloom’s results can be treated by almost Identical surtace 
coverage arguments as given for the adsorption processes. The following 
situation can e-aaily be hypothesized: The cell is in operation; oxygen 

bubbles cover p. tt of the electrode surface. These bubbles have reached 
a steady state where they are removed into the passing air stream at the 
same rate they are formed on the surface. The cell Is disconnected. No 
more bubbles are evolved; however some bubbles still escape from the 
electrode surface. After five seconds the cell is reconnected. Now, 
the surface has virtually no bubbles remaining on it. Therefore, there 
is an initial current surge utilizing the full electrode surface. 
Gradually, the surface reaches a steady state coverage again, and the 
cycle is repeated. 

The most important assumption in this explanation is that the 
bubbles can escape from the surface in a matter of seconds when the cell 
Is disconnected. It is important to keep in mind that the bubbles must 
not necessarily be completely removed from the gel into the passing air 
stream. The bubbles need only be removed from the electrode surface. 
This could be a very small distance indeed. All that is required for a 
current surge is that the anode surface be in contact with the sulfuric 
acid solution and that there be few or. no "bare spots" on the electrode 
surface. 

Although the nature of oxygen bubble removal is unclear , an 
analogy to Bloom’s fuel cell etfect appears attractive. Bloom noticed 
that when he turned his cell off it "acted as a fuel cell, consuming 
hydrogen and oxygen to make water". He noticed the bubble in his 
hydrogen collection bubble meter drop steadily, thereby signifying the 
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consumption of hydrogen. Had the hydrogen not been in a closed system 
(i.e, simply vented Instead of trapped by a soap bubble in the bubble 
meter), Bloom would not have seen a prolonged fuel cell effect. The 
hydrogen would have escaped into the atmosphete instead of being "sucked 
in" by the cell. Nevertheless, this fuel cell effect raises the interest- 
ing possibility that any oxygen and hydrogen remaining on the surface of 
the electrode will be consumed by the fuel cell effect In the case 
proposed here, oxygen and hydrogen are both trapped by the viscous gel. 
This would mean that the phenomenon of bubble entrapment by the gel on 
the electrode surface not only causes lower than expected currents but 
also causes their rapid removal when the cell is disconnected. 

The oxygen bubble can now be seen as having two possible paths 
for removal from the electrode surface: 1) natural density differences, 
surface forces, and surface tensions, and 2) the fuel cell effect. 

Bloom’s investigation of cyclic behavior shows that different 
electrode materials exhibit different cyclic characteristics. Although 
these findings have already been shown to be suspect (see ’Literature 
Search") they are discussed here. In particular, in the immediate region, 
of zero "off" time, the specific power consumption of bright platinum 
increased with decreasing "off" time, the reverse of the platimum- 
tantulum cell case. At first glance, these results appear to contradict; 
the oxygen entrapment explanation. Platinum-tantulum has a higher 
specific area than bright platinum. Consequently the current density 
should be higher at a given potential and oxygen entrapment should also 
be greater. One would theretoie expect more of an entrapment effect on 
the platinum-tantulum screen than on the bright platinum screen- 

Bloom offers an explanation for the phenomena discussed above. 
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This turns out to fit very we. 1.1 into the picture of. oxyRen entrapment 
and fuel, cell removal of entrapped oxygen. Bloom noticed a difference 
in the degree to which the fuel cell reaction was maintained cn the 
Pt-Ta electrode and on the bright platinum electrode In particular he 
noted that the Pt-Ta electrode used up the hydrogen very quickly and 
exhibited a strong fuel cell reaction. The bright platinum electrode 
did not exhibit as strong a fuel cell reaction as the Pt-Ta electrode, 
and, in fact, was relatively weak. If this is true and the theory of 
oxygen entrapment is held, then one would expect that in the neighborhood 
of zero "off" time more oxygen would be removed from the surface of the 
Pt-Ta electrode and its specific power consumption correspondingly lower 
than that of the bright electrode. This is, in fact, what Bloom 
observed. It was only in this area, 1-e. specific power consumption near 
zero "off" time^ that Bloom noticed a difference between the two electrode 
types. Why this different susceptibility existed for the fuel cell 
reaction is still another question. Bloom offers a possible explanation 
cf differences in the adsorbed conducting monolayer of oxygen on the two 
types, but concedes that 5 "No explanation is presently available tor the 
effect . " 

The other path of oxygen removal, l=e, out through the gel, 
should also be considered here. In this case the situation is also 
complex. 

If oxygen entrapment occurs, then it is important to consider 
what factors influence its enhancement and its abatement Bubble size 
is certainly an important consideration, although it is not obvious it 
smaller or larger bubbles are more easily removed Similarly, gel thick- 
ness and gel viscosity ate very impor'ant The anode .s,.£tace and surface 
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forces also may play a major role, in coiiLrollanB cxyj'en entrapment More- 
over, one surface might give rise to small bubbles and another to large 
bubbles. The speciilc pretreatment of a gtven electrocle inater.iril may also 
be a factor. In other words, different electrodes ot the same basic 
material may exhibit, different bubble forming and entrapping character- 
istics. All of these factors must be taken into account to be able to 
safely predict the behavior of a given cell. Obviously, little Is known 
about any of these factors. Therefore, particular results such as Bloom’s 
work on different electrodes, are extremely difficult to evaluate. For 
example, the bright platinum screen might evolve very small bubbles 
which are more easily removed from the electrode surface through the 
gel than the bubbles generated by the Pt-Ta electrode. At present, there 
is no way of determining exactly what occurs at a particular electrode. 

Finally, there is the interesting result of this work that 
there can be significant differences in the current-voltage relationship 
from one standard cell to another. This can be explained by the fact 
that there is no rigorous, standard method to spread the gel onto the 
electrodes, It the gel thickness varies from standard cell to standard 
cell, then the degree of oxygen bubble entrapment will also vary. This 
is what most likely occurs. The gel is spread onto the anode with a 
fetainless steel spatula. It is pressed through the screen to ensure 
total screen coverage. However, the gel thickness is not uniform over 
the screen, Nor is the gel thickness the same from cell t-o cell, There 
is no way of determining how much the thickness varies, but it is certain 
that there is no specific uniformity. Consequently, ent rapment is likely 
to vary from cell to cell . This is, in fact, found tc be the case, i.e= 
current varies significantly from cell to cell at higher voltages. 


of all the evidence preacnr.od above , very little, l.f any, can 
be considered to be poslcive evidence- Ail evidence has been used to 
determine why a particular theory can not prevail, and how one theory, 
oxygen entrapment, can be shown to account for the accompanying experi- 
mental results. However, no evidence has been presented which positively 
identifies entrapped oxygen as the "culprit". Instead, arguments have 
been presented to show that oxygen entrapment explain all. 

Three cases of positive evidence are presented below: 

1. The "anode effect!' of Efimov and Izgrayshev. 

2. Literature mention of oxygen removal to prevent "mass 
transfer" effects. 

3. Vibration of the standard cell. 

The "anode effect" of Efimov and Izgaryshev (8) Is not the 
same as the oxygen entrapment which is proposed in this work. It is, 
however, similar in nature. What Efimov and Izgaryshev found was that 
at very high voltages (>3.5 V) large oxygen bubbles became paralyz e d on 
the anode surface . The presence of these bubbles caused a sharp decrease 
in cell. current because available surface area was severely diminshed. 

This is similar to the proposal of this work, namely that entrapped 
surface oxygen has a detrimental effect on cell current. Alchough the 
cause of paralyzed oxygen on the surface is different in the two cases, 
the result is essentially the same. 

Occasionally in the literature (eg. 51) there Is a reference 
to the experimental technique of passing nitrogen over the anode surface 
Although the reasons given for use. oi this technique ate often unclear, 
it is usually done to prevent "mass transfer" effects. In this case, 
what is probably meant is the temc../al of oxygen from the electrode surface 
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to ensure a continuously "clear" autiacc. 

Finally, during the experimental work o£ this thesis, the 
possibility of oxygen entrapment was realized. Consequently, during 
operation at higher currents the cell was banged with the handle of a 
screwdriver. The result was a small jump in the current. This un- 
scientific procedure was repeated periodically and it generally produced 
the same result. The cell unit was assembled very firmly, so that it 
was difficult to cause a significant disturbance within the cell itself. 
Moreover, the procedure of knocking the cell was limited because this 
caused splashing of the sulfuric acid solution in which the total cell 
was immersed. This was very hazardous to the operator. Although this 
minor experiment is inconclusive, it offers some positive evidence that 
oxygen is, in fact, trapped on the screen. Work is presently in 
progress at Battelle Institute, Ohio, in which the cell is being 
vibration- tested. These results could provide further evidence of 


oxygen entrapment. 


VI T J . CONCLUB IONS AND REGOMMliNDATlONS 
The experimental results of this work have shown that anode 
overvoltage of the electrolysis of water vapor in 8 M silica gel 

electrolyte at bright platinum electrodes is electron transfer controlled 
throughout the experimental range of anode potei.tial8> The evidence 
for this is the agreement between the values of Taf el slopes and ex~ 
change current densities of this work and literature, values. Activation 
control is also assumed„to..be the determining factor at high standard 
cell anode potentials, although the surface area available for reaction 

is decreased. 

Furthermore, the results of this work have been shown to be 
compatible with a theory of "oxygen entrapment" at the standard cell 
anode. Other possible explanations are discounted for a variety of con- 
tradictions with experimental results. "Oxygen entrapment" as such, is 
the situation whereby ox/gen evolved at the anode surface becomes trapped 
due to the presence of a thick, viscous gel electrolyte. Such entrapment 
causes a decrease in the available area for electrochemical reaction. 
Consequently, there is a decrease in the effective current density. The 
results of Bloom's f8) experiments on cyclic operation of the water vapor 
electrolysis cell have been shown to be compatible with "oxygen entrapment 
and Its removal from the electrode surface when the cell Is disconnected. 

The majority of evidence for the existence of cxygen entrapment 
is indirect. Although there is a significant accumulation of Indirect 
evidence, it would be beneficial to have an equal arsenal of direct 
evidence. Unfortunately, little direct, or positive, evidence exists. 
Therefore, It is recommended here that methods be devised whereby direcr 
evidence can be obtained. This is understandably difficult because visual 


A 




I 
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methods are necessarily excluded due to the nature of the cell. VJbra- 
tion testing I under carefully controlled experimental conditions, could 
yield valuable data. Moreover, a fixed method of gel preparation and 
application to the anode screen Is recommended. Finally, quantitative 
comparison of results using different gel matrix materials could yield 
valuable information. All of the experiments suggested above deal 
with a different aspect of the formation and removal of entrapped oxygen, 
a new area of experimental and analytical investigation which has been 
identified by this thesis. 
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IX. NOMENCLATURE 

activity 

constant in Tafel equation 

constant in Tafel equation 

surface area 

exponent constant 

concentration 

capacitance 

diffusion coefficient 

electron 

potential 

half-wave potential 
activity coefficient 
Faraday constant 
Gibbs free energy 
stoichiometric number 
current density 
electrochemical species 
Randles - Sevcik constant 
rate constant 
number of hydrogen ions 
molar ity 

number of electrons 

number of equivalents 

normality 

flux 

charge 


speed of rotation 
gas law constant 
time 

transference number 
absolute temperature 
sweep rate 
linear dimension 
niimber of water molecules 

Subscripts and Superscripts 

anodic 
adsorption 
bulk phase 
backward 
cathodic 
diffusion 
double layer 
forward 
heterogeneous 
limiting 
liquid- liquid 
oxidized form 
peak current 
reduced form 
standard case 


standard case 
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A, Appendix A - Experimental Data . 

The experimental data arc presented trom which Figures 18-24 
were constructed. The data are presented in tables ot anode potential 
versus reference. electrode .potential, cell current, and cell current 
density. Of course, current density was not a datum which was recorded 
during the experiments. However, Figures 18-24 are plots of potential 
versus current density, and therefore, current density is also tabulated 
to facilitate any checking with the plotted results . All current 
densities were obtained by dividing the current by the electrode surface 
area, 61.9 cm , Experimental notes and conditions are presented as they 
appeared on the original data sheets. The reference electrode was a 
mercury-^mercurous sulfate sleeve junction electrode with a potential of 
+0.61 V versus the normal hydrogen electrode, +0.0 V. 
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Table 6 

FREE ELECTROLYTE - DOWNWARD SCAN 
FIGURE 18, 


Preanodization = 

25 minutes at 

1000 mA 

Interelectrode 

distance = 2. 

5 cm 

Ref (Volts) 

1 (mA) 

1 (A/cm^) 

2.00 

3200 

5.18 X 10‘^ 

1.98 

- 

- 

1.96 

2700 

4.38 X lO"^ 

1,94 

- 

- 

1.92 

2300 

3.72 X lO"^ 

1.88 

2000 

3.24 X lO"^ 

1.86 

1800 

2.92 X 10“^ 

1.84 

1600 

2.59 X lO"^ 

1.82 

1500 

2.43 X 10“^ 

1.80 

1350 

2.19 X lO"^ 

1. 78 

1150 

1.86 X 10~^ 

A 

1.76 

1050* 

1.70 X lO"^ 

1.74 

940 

1.52 X 10“^ 

1.72 

760 

1.23 X 10“^ 

1.70 

620 

1.00 X lO"^ 

1.68 

495 

8.00 X 10“^ 

1.66 

405 

6.56 X lO"^ 

1.64 

330 

5.35 X 10“^ 

1.62 

275 

4.45 X lO"^ 

1.60 

200 

3.24 X lO"^ 

1.58 

165 

2.67 X lO”^ 

1.56 

135 

2.19 X lO""^ 


m " 


Table 6 

(Concluded) 


Ref (Volts) 


I (A /cm^) 

1.54* 

* 

105 

1.70 K 10“^ 

1.52 

81 

1.31 X lO"^ 

1.50 

56.5 

9.15 X lO"^ 

1.48 

40.0 

6.47 X iO"^ 

1.46 

31.0 

5.02 X lO"^ 

1.44 

23.5 

3.80 X lO’^ 

1.42 

19.5 

3.15 X lO'^ 

1.40 

14.a 

2.27 X 10“^ 

1.38 

12.0 

1.94.x 10“^ 

1.36 

8.40 

1.36 X lO"^ 

* 

1.34 

* 

6.30 

1.02 X lO"^ 

1.32 

4.20 

6.80 X 10“^ 

1.30 

2.90 

4.70 X lO"^ 

1.28 

2.30 

3.72 X lO"^ 

1.26 

1.65 

2.67 X lO"^ 

1.24 

1.30 

2.11 X 10“^ 

1.22 

1.10 

1.78 X 10“^ 

1.20 

0.81 

1.31 X 10“^ 

1.18 

0.54 

8.25 X 10“^ 

1.16 

0.37 

6.0 X 10 ^ 

1.14 

0.285 

4.61 X 10“^ 

1.12 

0.19 

3.08 X lO'^ 


^Current jump noted. 

Temp. = 80*F. 2 

Air Flow Rate = 24 cm /sec. 
Rel. Hum. * 51%. 

8.1 M H 2 S 0 ^ solution. 
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KRER ELECTROLYTE - UPWARD SCAN 
FTCURE 19, n 



Preanodization = 

25 minutes 

at 820 mA 


Interelectroce 

distance • 

='2.5 cm 

■- f 

E vs Ref (Volts) 

I 

1 (A/cm^) 


1.12 

1.10 

1.78 X 10“^ 


1.14 

1 25 

2.02 X 10“^ 


1.16 

1.45 

2.35 X lO'^ 


1.18 

- 

- 


1.20 

2.60 

4.21 X 10"^ 


1.22 

- 

- 


1.24 

4.80 

7.77 X lO"^ 


1.26 

- 

- 


1.28 

9.0 

1.45 X 10“^ 

\ 

1 

1.30 

- 

- 

1 

1.32 

15.0 

2.43 X lO"^ 


1,34 

- 

- 


1.36 

30.0 

4.86 X lO"^ 

1 

1.38 

- 

- 

1 

1.40 

45.0 

7.29 X 10“^ 


1.42 

58.0 

9.40 X 10“^ 


1.44 

69.0 

1.11 X lO"^ 

- 

1.46 

91.5 

1.47 X lO"^ 


1.48 

130 

2.11 X lO”^ 


1.50 

155 

2.55 X lO"^ 


1-52 

- 

- 


1.54 

250 

4.04 X lO'^ 


V 


.1.33 - 


( 


w 



Ref (Volts) 

Table 7 (Concluded) 
1 (mA) 

i (A/cm^) 

1.56 

- 

- 

1.58 

330 

5.34 X lO"^ 

1.60 

- 

- 

1.62 

400 

6.48 X lO’^ 

1.64 

480 

7.77 X lO”" 

1,66 

530 

8.57 X lO"^ 

1.68 

585 

9.46 X lO"^ 

1.70 

- 

- 

1.72 

690 

1.11 X lO"^ 

1.74 

- 

- 

1.76 

770 

1.25 X lO"^ 

1.78 

- 

- 

1.80 

890 

1.44 X lO"^ 

1.82 

- 

- 

1.84 

1150 

1.86 X lO"^ 

1.86 

1400 

2.27 X lO"^ 

1.88 

- 

- 

1.90 

- 

- 

1.92 

1500 

2.43 X 10“^ 

1.94 

- 

- 

1.96 

1700 

2.75 X lo"^ 

1.98 

- 

- 

2.00 

1850 

2.99 X 10“^ 


Experimental note: At low currents (1-10 mA) the current decreased after 
a step change in potential. 


• 

E VS Ref (Volts) 
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Table 8 
DOWNWARD SCAN 
FIGURE 19, il'i 
I (mA) 

i (A/cm^) 


2.00 

1900 

3.07 X lO"^ 

■> 1 

1.98 

1700 

2.75 X 10“^ 


1.96 

- 

- 

i 

1.94 

1450 

2.34 X lO"^ 

1 92 

- 

- 


1.90 

1250 

2.02 X 10“^ 


1.88 

“ 

- 


1.86 

990 

1.60 X lO"^ 


1.84 

865 

1.40 X 10“^ 


1.82 

780 

1.26 X 10“^ 

{ 

{ 

1.80 

695 

1.12 X 10“^ 

i' 

1.78 

615 

9,95 X 10~^ 

.4 

1.76 

540 

8.75 X 10*'^ 


1.74 

460 

7.45 X lO"^ 

( 

1. 72 

415 

6.72 X lO"^ 

■ 1 

1. 70 


- 


1.68 

310 

5.02 X lO"^ 

-- 

1.66 

- 

- 


1. 64 

225 

3.64 X lO"^ 

■. 

1.62 

- 

" 


1-60 

160 

2 59 X 10~^ 


1.58 

130 

2.11 X 10“^ 


1- 56 

- 

- 


I 



t 


I 
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Table 8 (Concluded) 


E vs Ref (Volts) 

I (mA) 

I (A/cm^) 

1.54 

84.0 

1.36 X lO"^ 

1.52 

66.5 

1.08 X lO"^ 

1.50 

52.5 

8.50 X 10~^ 

1.48 

37.5 

6.06 X 10 ^ 

1.46 

- 

- 

1.44 

26.0 

4.21 X 10“^ 

1,42 

- 

- 

1.40 

20.5 

3.32 X 10“^ 

1.38 

12.5 

2.02 X lO”^ 

1.36 

9.70 

1.57 X 10~^ 

1.34 

7.15 

1.16 X 10“^ 

1.32 

5.40 

8.75 X lO"^ 

1.30 

4.10 

6.65 X lO"^ 

1.28 

2.90 

4.70 X lO"^ 

1.26 

- 

- 

1.24 

2.00 

3.22 X lO"^ 

1.22 

1.40 

2,27 X lO"^ 

1.20 

1.15 • 

1.86 X 10“^ 

1.18 

.77 

1.25 X lO'^ 

1.16 

.60 

9.70 X 10“^ 

1.14 

.45 

7.30 X lO"^ 

1,12 

.35 

5.67 X 10“® 


Temp. = 80^F. , 

Air Flow Rate ® 24 cm /Sec. 
Rel. Hum. = 50%. 

8.1 M solution. 
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Table 9 

STANDARD CELL - UPWARD SCAN 
FIGURE 20, #1 


Preanodivsfition = 

15 minutes 

at 800 mA 

Interelectrode distanpe ‘ 

= 2.5 cm 

E vs Ref (Volts) 

I (mA) 

i (A./cm^) 

1.12 

0.330 

5.35 X lO"^ 

1.14 

0.490 

7.95 X 10*^ 

1.16 

0.660 

1.08 X lO"^ 

1.18 

0.990 

1.61 X lO"^ 

1.20 

1.45 

2.35 X 10“^ 

1.22 

2.10 

3.40 X lO"^ 

1.24 

2.65 

4.29 X lO"^ 

1.26 

3.80 

6.15 X lo"^ 

1.28 

4.90 

7.95 X 10“^ 

1.30 

6.50 

1.05 X lO"^ 

1.32 

8.90 

1.44 X lO"^ 

1.34 

12.0 

1.94 X lO"^ 

1.36 

15.0 

2.42 X 10“^ 

1.38 

21.5 

3.45 X lO"^ 

1.40 

28.5 

4 62 X 10“^ 

1.42 

- 

- 

1.44 

47-0 

7.60 X lO"^ 

1.46 

- 

- 

1.48 

77.5 

1.25 X lO"^ 

1.50 

93.0 

1.51 X lO"^ 

1.52 

120 

1.94 X iO”^ 


Table 9 (Concluded) 


E vs Ref (Volts) 

1 (mA) 

i (A/cm^J. 

1.56 

160 

2.59 X lO"^ 

1.58 

- 

- 

1.60 

210 

3.40 X 10*^ 

1.62 

- 

- 

1.64 

265 

4.28 X lO'^ 

1.66 

- 

- 

1.68 

330 

5.34 X lO"^ 

1.70 

- 

- 

1.72 

390 

6.30 X lO"^ 

1.74 

- 

- 

1.76 

450 

7.28 X lO"^ 

1.78 

- 

- 

1.80 

510 

8.25 X 10“^ 

1.82 

- 

- 

1.84 

575 

9.30 X 10“^ 

1,86 

- 

- 

1.88 

655 

1.06 X lO"^ 

1.90 

- 

- 

1.92 

690 

1.12 X lO"^ 

1.94 

735 

1.19 X 10“^ 

1.96 

775 

1.25 X lO"^ 

1.98 

800 

1.29 X lO”^ 

2.00 

830 

1.34 X 10“^ 

3 

Air flow Rate ® 24 cm /Sec. 

Temp. = SrF. 

Rel. Hum. -■ 50%. 

Experimental Note: Instability of 

current 

recorder above 600 mA 
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Table 10 
DOlWWARD SCAN 
FIGURE 20, #2 


F. va Ref (Volts) I (l41 

2,00 810 

1.98 

1.90 725 
1.94 

1.92 640 

1.90 

1.88 560 

1.86 

1.84 505 

1.82 

1.80 430 

1.78 

1.76 360 

1.74 

1.72 300 

1. 70 

1.68 245 

1.66 

1.64 190 

1.62 

1-60 155 

158 

1 56 115 


1 (A/cm^ ) 

1 31 X lO"^ 

1.17 X lO"^ 
1.03 X 10“^ 
9.06 X lO"^ 

8.18 X lO"^ 

6.96 X 10 
5.82 X lO"^ 
4-86 X 10“^ 

3.96 X lO"^ 
3.08 X lO"^ 
2.51 X lO"^ 
1,86 X 10“^ 
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Table 10 (Concluded) 

2 

E vs Ret (Volts) I (mA) 1 (a/ cm ) 


1.54 


-3 

1.52 

74 

1.20 X 10 ^ 

1.50 

- 

—4 

1.48 

46 

7.45 X 10 ^ 

1.46 

- 

.,-4 

1.44 

27.5 

4.45 X 10 

1.42 

- 

—4 

1.40 

17.5 

2.84 X 10 

1.38 


"4 

1.36 

11.5 

1.86 X 10 

1.34 

- 

,„-4 

1.32 

6.30 

1.02 X 10 

1.30 

4.65 

7.50 X 10 ^ 
, -5 

1.28 

3.40 

5.49 X 10 

.,-5 

1,26 

2.50 

4.03 X 10 

,.,-5 

1.24 

1.80 

2.91 X 10 

1,22 

- 

-5 

1,20 

1.25 

2.02 X 10 

..,-5 

1.18 

0.775 

1.25 X 10 

—6 

1,16 

0.60 

9.70 X 10 

,„-6 

1.14 

0.42 

6.80 X 10 

.^-6 

1.12 

0.33 

5.34 X 10 


I 



4 

i 


4 

I 






r 


Table 11 


STANDARD CELL - DOWNWARD SCAN 
FIGURE 21, #3 


Preanodi^aLion - 20 minutes at 700 tnA 
Interelectrode distance = 2.\^ cm 



2.00 

670 

1.08 X 10~' 

1.98 

615 

9.95 X lO”' 

1.S6 

595 

9.60 X lO"' 

1.94 

560 

9.05 X lO" 

1.92 

530 

8.57 X 10“ 

1.90 

500 

8.09 X 10“ 

1.88 

455 

7.35 X lO" 

1.86 

430 

6.95 X 10" 

1.84 

400 

6.47 X lO" 

1.82 

370 

5.98 X lO" 

1.80 

- 

- 

1.78 

310 

5.01 X lO" 

1.76 

- 

- 

1. 74 

260 

4. 2l X 10 

1.72 

- 

- 

1.70 

210 

3.40 X lO’ 

1.68 

- 

- 

1.66 

170 

2,75 X 10‘ 

1.64 

- 

- 

1.62 

130 

2.10 X 10 

1.60 

- 

- 


1 . 


100 


1.62 X 10 



Table 11 (Concluded) 


E V8 Ref (Volta) 
1.56 
1.54 
1.52 
1.50 
1.48 
1.46 
1.44 
1.42 
1.40 
1.38 
1.36 
1.34 
1.32 
1.30 
1.28 
1.26 
1.24 
1.22 
1.20 
1.18 
1.16 
1.14 
1.12 

Air Flow Rate = 24 cm /Sec. 

Temp. = 76®F* 

Rel. Hum. = 50% 


I (mA) 

i 

69 

1.12 X lO'^ 

56 

9.05 X lO"^ 

46.5 

7.51 X lO"^ 

38.5 

6.21 X lO"^ 

27.5 

4.45 X lO"^ 

22.5 

3.64 X lO"^ 

18.0 

2.91 X lO"^ 

12.0 

1.94 X lo"' 

9.20 

1.49 X lO" 

7.00 

1.13 X lO" 

5.00 

8.08 X lO" 

4.20 

6.78 X lO" 

3.15 

5.09 X lO" 

2.35 

3.80 X lO" 

1.90 

3.07 X lO" 

1.45 

2.34 X lO" 

1.20 

1.94 X lO' 

0.86 

1.39 X 10‘ 

0.595 

9.61 X 10‘ 

0.410 

6.62 X 10" 

0.330 

5,33 X 10‘ 

0:265 

4,28 X lO' 
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Table 12 

STANDARD CELL - UPWARD SCAN 


Ref (Volts) 

FIGURE 21, //4 
I (mA) 

i (A/cm^) 

1.12 

0.250 

4.03 X 10“^ 

1.14 

0.355 

5.74 X lO"^ 

1.16 

0.460 

7.44 X lO"^ 

1.18 

0.720 

1.16 X lO"^ 

1.20 

1.20 

1.94 X lO"^ 

1.22 

1.60 

2.59 X 10“^ 

1.24 

2.25 

3.64 X lO"^ 

1.26 

2.90 

4.69 X lO"^ 

1.28 

3.95 

6.39 X lO"^ 

1.30 

5.65 

9.12 X 10“^ 

1.32 

7.40 

1.20 X 10“^ 

1.34 

9.65 

1.53 X lO"^ 

1.36 

11.0 

1.78 X lO"^ 

1.38 

14.0 

2.26 X lO"^ 

1.40 

19.0 

3.07 X lO'^ 

1.42 

26 5 

4-12 X 10“^ 

1.44 

33.0 

5.33 X lO"^ 

1.46 

A 

A 

1.48 

51.0 

8.25 X lO"^ 

1.50 

58.0 

9.38 X 10“^ 

1.52 

68.0 

1.10 X lo”^ 

1-54 

81.0 

1.31 X 10“^ 
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Table 12 (Continued) 

2 

B vs Ref (Volts) I (wA) ) 


1.58 

— 


1.60 

170 

2.75 X lO"^ 

1.62- 



1.64 

230 

3.72 X lO"^ 

1.66 

- 

- 

1.68 

290 

4.69 X lO"^ 

1.70 

- 

- 

1.72 

350 

5.66 X 10“^ 

1.74 

- 

- 

1.76 

415 

6.70 X lO"^ 

1.78 

- 

- 

1.80 

490 

7.92 X 10“^ 

1.82 

- 

- 

1.84 

555 

8,96 X lO"^ 

1.86 

- 

~ 

1.88 

620 

1.00 X lO"^ 

1.90 

- 

- 

1.92 

700 

1.13 X lO"^ 

1.94 

735 

1.19 X 10~^ 

1,96 

- 

- 

1.98 

770 

1.25 X lO"^ 

2.00 

815 

1.32 X lo"^ 


*Gradually decreafting current alter step change in potential. 
Experimental note: No limiting current reached even up to 3 amps. 
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E vs 


Tab .1.0 13 

STANDARD CELL - UPWARD SCAN 
FIGURE 22, #5 

Preauodization * 20 minutes at 850 iiiA 
Interelectrode distance = 2.5 cm 


Ref (Volta) 
1.14 
1.16 
1.18 
1.20 
1.22 
1.24 
1.26 
1.28 
1.30 
1.32 
1.34 
1.36 
1.38 
1.40 
1.42 
1.44 
1.46 
1.48 
1.50 
1.52 
1.54 


I (mA) 

0.21 

. 0.30.. 

0.41 
0.56 
0.90 

1.30 

1.70 

2.20 

3.30 
3.90 

5.30 

6.70 
8.60 

12 

13 

16 

21 

25.5 

30.5 

34.5 
40 
46 


1 (A/cm ) 
3.45 X lO”^ 
4.92 X iO"^ 


6.72 X 10 

9.20 X 10 


-6 


-6 


1.48 X 10 
2.13 X 10 
2.79 X 10 


-5 


-5 


.-5 


3.61 X 10 


-5 


5.41 X 10 
6.40 X 10 


-5 


-5 


8.70 X 10 


-5 


1.10 X 10 


-4 


1.41 

X 

lO'"* 

1.97 

X 

io“^ 

2.13 

X 

lO"^ 

2.62 

X 

lO"^ 

3,44 

X 

lO"^ 

4.18 

X 

10'^ 

5.00 

X 

lo'^ 

5.65 

X 

io“^ 

6.56 

X 

lo"^ 

7.55 

X 

io“^ 


1.56 


► 


l- 



‘t 


I 
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Table 13 (Concluded) 


Ref (Volts) 

1 

i CA/cm^) 
~4 

1.58 

53.5 

8.77 X 10 ^ 
.„-4 

1.60 

62.5 

9.90 X 10 

-3 

1.62 

67 

1.08 X 10 

1.64 

77 

1.24 X 10 

,..-3 

1.66 

87 

1.42 X 10 

..-3 

1.68 

96 

1.55 X 10 - 
..-3 

1.70 

125 

2.02 X 10 

1.72 

130 

2.11 X 10 

, „“3 

1.74 

140 

2.27 X 10 ^ 
„-3 

1.76 

150 

2.43 X 10 

..-3 

1.78 

160 

2.59 X 10 ^ 
,..-3 

1.80 

175 

2.83 X 10 
..-3 

1.82 

190 

3.07 X 10 

, ..-3 

1.84 

200 

3.23 X 10 
.,-3 

1.86 

210 

3.40 X 10 

,..-3 

1.88 

230 

3.72 X 10 

. -3 

1.90 

235 

3.80 X 10 

,„-3 

1.92 

240 

3.88 X 10 

-3 

1.94 

250 

4.04 X 10 

. -3 

1.96 

265 

4.29 X 10 

..-3 

1.98 

275 

4,45 X 10 
,.,-3 

2.00 

235 

4.61 X 10 


J /tfi “ 


E vs 


Table 3.4 

STANDARD CELL - DOWNWARD SCAN 



FIGURE 22, //6 


Ref (Veits) 

1 (mA) 

1 (A/cm^) 

2.00 

230 +5 

3.72 X 10“^ 

1.98 

215 

3.48 X lO"^ 

1.96 

205 

3.32 X lO"^ 

1.94 

190 

3.07 X lO"^ 

1.92 

185 

2.99 X 10“^ 

1.90 

175 

2.83 X lO"^ 

1.88 

165 

2.67 X lO"^ 

1.86 

155 

2.51 X lO"^ 

1.84 

145 

2.35 X lO"^ 

1.82 

135 

2.19 X lO”^ 

1.80 

130 

2.11 X lO"^ 

1.78 

120 

1.94 X 10“^ 

1.76 

110 

1.78 X lO"^ 

1.74 

100 

1,62 X lO"^ 

1.72 

79 

1.28 X lO"^ 

1.70 

70 

1.13 X lO"^ 

1,68 

63 

1,02 X lO"^ 

1.66 

56 

9.06 X 10“^ 

1.64 

51 

8,25 X 10~^ 

1.62 

45 

7 -28 X 10"“^ 

1.60 

40 

6.47 X lO"*^ 

1.58 

35 

5.66 X 10“^ 

1.56 

31 

5.01 X lO”^ 


1— i 

e> 

(Concluded) 


Ref (Volts) 

1 (mA) 

1 (A/cm^) 
—4 

1.54 

26 

4.21 X 10 

—4 

1.52 

23 

3.72 X 10 ^ 

-4 

1.50 

19 

3.07 X 10 
.,-4 

1.48 

17 

2.75 X 10 

^—4- 

1.46 

14 

2.26 X 10 

-4 

1.44 

12 

1.94 X 10 

"4 

1.42 

8.5 

1.38 X 10 

,..-5 

1.40 

7.15 

1.06 X 10 

,.,-5 

1.38 

5.6 

9.06 X 10 

1.36 

4.25 

6.87 X 10“^ 
.^-5 

1.34 

3.30 

5.34 X 10 

-5 

1.32 

2.50 

4.04 X 10 
..-5 

1.30 

2.10 

3.40 X 10 

1.28 

1.60 

2.59 X lO"^ 

-5 

1.26 

1.25 

2.15 X 10 

1.24 

0.895 

1.45 X 10 
,„-6 

1.22 

0.610 

9.90 X 10 

^-6 

1.20 

0.460 

7.45 X 10 

-6 

1.18 

0.355 

5.75 X 10 

. _ . ^ 6 

1.16 

0.250 

4.04 X 10 

.„-6 

1. 14 

0.200 

3.23 X 10 

-6 

1.12 

0.140 

2.26 X 10 


iemp , “ ^ u r * 2 

Mr Flow Rate = 24 cm /sec- 
Rel. Hum. = 50%. 


Aopeiidlx B - Sample Calculations . 


1. IR ]x>ss. 

IR = ilp 

i = T = 2 = 5.18 X lO"^ a/cm^ 

A 6 . 19 cm'^ 

p = 1.91 ohm cm (ref. 72) 

1 - 2.5 cm 

IR = (5,18 X lO"^ A/cm^) (1.91 ohm cm) (2.5 cm) 

IR = 0.25 volt 

The IR corrected anode potential is, therefore, 

2,00 V-0.25V = 1.75V vs Ref. 

2. Water adsorption - mass balance; verification of 
steady state current. 

0.33 gm^ hr 1 mole 

H^O absorption rate * - x 3 ^qq x 

“6 

= 5.1 X 10 moles 0/sec. 

= 2.55 X 10 moles O^/sec. 


now, 


0.92 A = how many moles O^/sec'f 


1 A 


1 coul _1 mole e „ mole 0^ 

sec ^ 97000 coul 4 moles e 


0.92 A = 0.92 


coul 

sec 


X 


1 mole e~ 
97000 coul 


moles 0 ^ 

4 moles e 


= 2.38 X 10~^ moles O^/sec. 

2.38 X 10 ^ moles 0_/sec, 

100% X -r = 94% 

2.55 X 10 moles O^/sec, 


'See Figure 25. 


Average Rate of Water Absorption (gm/hr) 


0.50 


0. 45 I — 


0.40 


0.35 




0.20 


0.15 


0.10 


2 gm ^ 2 ^ 0 ^ samples 



0.05 


35 40 45 50 55 60 

Average Concentration ^ 280 ^ (wt%) 

I’lgute. 25 WATER ABSORPTION RATE ON H 2 SO^ AT DIFFERENT GAS FF.OW RATES. 
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Hence, steady state cur. mnt has been checked by water 
absorption data to within 6%. 

3, Volume of water absorbed in 5 seconds. 


5sec 


am „ 
hr ^ 


3600 sec g 


= 4.1 X 10 


3 

cm 


Volume in cell 

2 2 
V = 0.1 cm deep x 4 in x (2.54 cm/ in ) 
cell 

= 2.58 cm^ 

Relative Volumes 


y —4 

100% X ^ To — — = 0.00036% 

1UU4 X ^ 2.58 cm 

cell 

Volume in diffusion layer 

2 3 

V, = 0.005 cm X 6.19 cm = . 31 cm 

d* 1* 

Relative Volumes 

100% X . 0.13% 


d.l. 


0.31 cm-^ 


